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Abstract: This research presents a comprehensive investigation of PLA/PCL polymer
blends using advanced rheological characterization, scanning electron microscopy (SEM),
differential scanning calorimetry (DSC), and dynamic mechanical, thermal analysis (DMTA)
to evaluate phase-separation behavior and functional properties. Polymer composites with
various PLA/PCL ratios were fabricated via melt extrusion, a sustainable and scalable
approach. The rheological studies revealed significant insights into the blends’ viscoelastic
behavior, while SEM analyses provided detailed observations of microstructural phase
separation. Thermal transitions and crystallization behaviors were evaluated through
DSC, and the dynamic mechanical properties were examined via DMTA. The results con-
firmed that the tailored PLA/PCL blends exhibit properties suitable for advanced additive
manufacturing (AM) and shape memory applications, merging flexibility and environ-
mental sustainability. This study emphasizes the novelty of integrating multidisciplinary
characterization methods to unravel the structure–property relationships in PLA/PCL
systems. By addressing modern demands for eco-friendly, high-performance materials,
this work establishes a foundation for the development of innovative polymer composites
with potential applications in smart and responsive technologies.

Keywords: PLA/PCL blends; biodegradable polymers; phase separation; rheology;
dynamic mechanical; thermal analysis; thermal transitions; crystallinity; thermal stability

1. Introduction
Biodegradable polymers such as polylactic acid (PLA) and polycaprolactone (PCL)

have emerged as promising materials for sustainable and environmentally friendly appli-
cations due to their biocompatibility, biodegradability, and mechanical versatility. PLA,
derived from renewable resources, is known for its rigidity, excellent tensile strength, and
biodegradability, making it ideal for various applications, including packaging and biomed-
ical implants [1–6]. However, PLA’s inherent brittleness and poor thermal stability limit its
broader applicability. In contrast, PCL, with its superior flexibility, lower melting point, and
excellent thermal stability, serves as a complementary polymer to PLA. Blending PLA and
PCL offers an opportunity to overcome the limitations of each polymer while enhancing
the overall material performance [7–17].

The immiscibility of PLA and PCL typically results in phase separation, which sig-
nificantly influences the mechanical, rheological, and thermal properties of the blends.
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Previous studies have reported that phase morphologies such as droplet-matrix, co-
continuous, and phase-inverted structures depend on the PLA/PCL ratio and processing
conditions [10,18]. The PLA/PCL blend typically exhibits a sea-island morphology, where
PCL droplets are dispersed within a continuous PLA matrix. This morphology can transi-
tion to a co-continuous structure depending on the ratio of PLA to PCL and the processing
conditions. For instance, Urquijo et al. [18] noted that the presence of clay in the PCL phase
increases its viscosity, which can inhibit the fracture of PCL domains during processing,
leading to the formation of co-continuous structures instead of discrete droplets. Similarly,
Solechan et al. [10] demonstrated that varying PCL concentrations in the blend alters the
phase morphology, with higher PCL content resulting in distinct dispersed phase mor-
phologies [10]. Researchers have used techniques such as scanning electron microscopy
(SEM) to analyze microstructural features and phase separation in these blends. Dynamic
mechanical, thermal analysis (DMTA) and differential scanning calorimetry (DSC) have
been employed to evaluate the blends’ viscoelastic behavior, glass transition temperature
(Tg), crystallization behavior, and thermal transitions [19–24].

Rheological properties have also been extensively studied to understand the flow
behavior and phase interactions in PLA/PCL blends. Rheological analysis provides in-
sights into the molecular interactions at the interface, shear-thinning behavior, and the
extent of phase separation. Studies have shown that increasing the PCL content can sup-
press PLA crystallization while enhancing the crystallinity of the PCL phase. Additionally,
thermal analysis techniques, including thermogravimetric analysis (TGA), have revealed
the improved thermal stability of PLA/PCL blends, particularly at low PCL concentra-
tions [21,22,24]. Wachirahuttapong et al. [25] investigated the effects of PCL on morphology,
crystallization behavior, and mechanical properties of PLA/PCL blends in the presence
of Pluronic as a plasticizer. They found that PLA and PCL are immiscible, with PCL
forming droplets within the PLA matrix and their size increasing with higher PCL content.
The addition of Pluronic led to improving ductility and elongation at break, but higher
concentrations negatively impact mechanical properties due to larger PCL particles. The
crystallization behavior of PLA was altered by both PCL and Pluronic. Bouakaz et al. [26]
explored the use of organomontmorillonites (Cloisite®15A and Cloisite®30B) combined
with epoxy-functionalized graphene to enhance the compatibility of a PLA/ PCL blend. The
study demonstrated significant improvements in thermal and barrier properties due to the
synergistic effect of these nanofillers. The effectiveness of combining classical melt blending
techniques with advanced filler combinations for creating high-performance biodegradable
composites was highlighted. In the comprehensive review, Matumba et al. [27] examined
the morphological, mechanical, and thermal characteristics of PLA/PCL blends, highlight-
ing the roles of various fillers and compatibilizers in optimizing these properties for diverse
applications in packaging, biomedical, and industrial fields.

While existing studies provide valuable insights into the structure–property relation-
ships of PLA/PCL blends, significant gaps remain in understanding the combined effects
of blend composition, phase separation, and extrusion processing on their viscoelastic,
thermal, and thermomechanical properties. Most previous research has focused on isolated
aspects of these properties without fully integrating multiple advanced characterization
techniques into a cohesive investigation.

This study presents a comprehensive and multidisciplinary investigation of PLA/PCL
blends, integrating advanced rheological characterization, SEM, DSC, TGA, and DMTA
techniques. The novelty lies in the systematic analysis of the effects of varying PLA/PCL
ratios on phase separation behavior, thermal transitions, crystallization behavior, and
viscoelastic properties. Additionally, the study utilizes melt mixing as a sustainable and
scalable processing approach, making it highly relevant for industrial applications. The
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findings provide deeper insights into the structure–property relationships, enabling the de-
sign of PLA/PCL blends tailored for advanced shape memory and additive manufacturing
applications. This research bridges the existing knowledge gaps by offering a holistic un-
derstanding of the interplay between composition, morphology, and thermal–mechanical
properties, contributing to the development of innovative and environmentally sustainable
polymer materials.

2. Materials and Methods
2.1. Materials and Processing of PLA/PCL Blends

Two biopolymers, polylactic acid (PLA) Ingeo™ 3D870 (NatureWorks LLC, Plymouth,
MN, USA), with a molecular weight of 110,000 g/mol with MFR 9–15 g/10 min at
210 ◦C/2.16 kg, and polycaprolactone (PCL) from Sigma Aldrich (St. Louis, MO, USA),
with molecular weight 80,000 g/mol with MFI 2–4 g/10 min at 160 ◦C/2.16 kg, were used
in pellet form. The PLA/PCL blend compositions were fabricated by extrusion processing,
with PLA as the basis component, increasing the PCL content by 5, 30, 40, and 70 wt.%. The
neat PLA and PCL polymers were also melt-processed for comparison. Table 1 summarizes
the compositions and labeling of each sample. The PLA and PCL pellets were previously
dried in an oven at 80 ◦C and 40 ◦C, respectively, for 4 h before melt blending. Appro-
priate amounts of PLA and PCL pellets were manually mixed in a plastic bag, and then
mixtures were melted and compounded in a twin-screw extruder Process 11 (Thermo Sci-
entific, Waltham, MA, USA) at a rotating speed of 150 rpm. The temperature profile of the
heating zones with a direction from hopper to die was 130 ◦C→150 ◦C→170 ◦C →180 ◦C
→190 ◦C→190 ◦C→190 ◦C→180 ◦C. After exiting the nozzle, the extrudate passed into
two water baths for cooling at 60 ◦C and then at 20 ◦C to produce a filament of diameter
1.75 ± 0.5 mm.

Table 1. Summary of the compositions of PLA/PCL blends and labeling.

Reference PLA wt. % PCL wt. %

PLA 100 -
95PLA/5PCL 95 5

70PLA/30PCL 70 30
60PLA/40PCL 60 40
30PLA/70PCL 30 70

PCL - 100

The test samples for rheological and dynamic mechanical, thermal analysis (DMTA)
measurements were prepared by hot pressing the pelletized filament using a Carver
3850 hot press (Carver, Inc., Wabash, IN, USA). For the PLA and PLA/PCL binary blends,
the pellets were pressed at 180 ◦C with a pressure of 1 ton. In contrast, the PCL pellets were
pressed at 80 ◦C with 1 ton of pressure.

2.2. Characterization Methods
2.2.1. Scanning Electron Microscopy

Scanning electron microscopy (SEM) was used to visualize the morphology of the
blends. Samples were cut in liquid nitrogen and then gold-coated. SEM images of the cross-
section of the filament were taken with the Tabletop SEM HI-ROX SH 4000 (Hirox Europe,
Limonest, France) at 15 kV accelerating voltage and 110 mA emission current conditions.
Micrographs at different magnifications were taken to provide detailed observation of the
microstructural hierarchy and phase separation in blends.
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2.2.2. Rheological Measurements

All rheological measurements were conducted using a stress-controlled rheometer (AR
G2, TA Instruments, New Castle, DE, USA). A strain sweep test was performed over a strain
range of 0.01 to 1000 and a frequency of 1 Hz to determine the linear viscoelastic region
(LVR). A frequency sweep test was subsequently carried out at a constant temperature of
190 ◦C, within the frequency range of 0.1 to 100 rad/s, and a strain of 0.1%, ensuring the
measurements were within the LVR. The tests were performed using electrically heated
parallel plate (EHP) geometry with a 25 mm diameter and a gap of 1000 microns. Three
samples with a thickness of 2 mm and a diameter of 20 mm were measured for each blend
and neat polymer, and the average results with a standard error of around ±1.0% were
presented herewith.

2.2.3. Dynamic Mechanical, Thermal Analysis

Dynamic mechanical, thermal analysis (DMTA) was conducted in torsion mode using
the AR G2 rheometer (TA Instruments, USA), employing a temperature ramp from 30 ◦C
to 110 ◦C at rates of 3 ◦C/min and 5 ◦C/min under airflow. All tests were performed at
a frequency of 1 Hz, with the maximum deformation set to 0.1%. The test samples were
plates of size 60 × 12 × 2.5 mm, and at least three samples were tested of each composition,
presenting here the average results, with a standard error of around ±1% at a confidence
level of 95%.

2.2.4. Differential Scanning Calorimetry

Differential scanning calorimetry (DSC) measurements of single polymer and blended
samples were performed by Discovery D250 (TA Instruments, USA). The heat effects
associated with phase transitions and crystallization processes were investigated as a
function of the temperature. The test was performed as a 5–8 mg sample was encapsulated
in an aluminous pan, and then it was heated from 0 to 200 ◦C (first run), followed by a
subsequent cooling to 0 ◦C, with a rate of 10 ◦C/min in a nitrogen atmosphere. Multiple
samples (n = 3) were used for each blend composition to ensure reproducibility, and
the average results with a standard error below ±1% at a confidence level of 95% were
presented here. From the DSC thermogram of heating, the temperatures of glass transition
(Tg), cold crystallization (Tcc), and melting (Tm), as well as their enthalpies (∆Hcc) and
(∆Hm), were determined, while the melt crystallization temperature (Tc) was determined
from the thermogram of cooling. The degree of crystallinity (χc %) of the PLA and PCL
polymers in their blends was calculated based on the enthalpy values by the following
equation [28]:

% crystallinity (χc)=

(
∆Hm − ∆Hcc

ω ∆H0

)
∗ 100 (%), (1)

where ∆H0 is fusion enthalpy (J.g−1), ∆Hcc is the cold crystallization enthalpy (J.g−1), and
ω is the portion of the polymer in the blend. The melting enthalpy when the crystallinity
of the polymer is 100% (∆H0) was taken of 93 J.g−1 for the PLA [29] and 136 J.g−1 for the
PCL [30]. This approximate equation (1) can provide information on the crystallinity of the
sample, removing the effects due to cold crystallization during the DSC scan.

2.2.5. Thermogravimetric Analysis

Thermogravimetric analysis (TGA) was utilized to detect the thermal degradation
process, which is related to the mass loss of the specimen as a function of rising temperature
from 20 to 500 ◦C. The test was conducted with Q50 (TA Instruments, USA). A sample of
10 mg was placed in an open platinum pan and heated with a ramp of 10 ◦C/min under
a nitrogen flow rate of 50 mL/min. Multiple samples (n = 3) were tested for each blend
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composition, and the average results with a standard error below ±1% were presented
here. The decomposition steps and characteristic temperatures corresponding to 2%, 5%,
10%, and 50% weight loss and the decomposition peak temperature (Tp) and the residue
ash at 500 ◦C were evaluated from the TG and DTG thermograms to determine the degree
of thermal stability and the degradation of PLA, PCL, and blends.

Figure 1 presents the workflow scheme related to the fabrication, processing, and
analysis of PLA/PCL blends for morphological, thermal, and rheological characterization
in the current study.
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3. Results and Discussion
3.1. Morphology of PLA/PCL Blends

It is important to start with a description of the microstructure of blends due to its
crucial role in the properties. In Figure 2, SEM micrographs of fracture surface morphology
of phases with varying ratios of 5/95, 70/30, 60/40, and 30/70 w/w PLA/PCL are presented
at low and high magnifications. As can be seen, the 95 PLA/5PCL blend formed a sea-
island microstructure with a spherical-shaped droplet-matrix morphology of irregular
PCL spheres with different dimensions ranging from 0.5 to 1 µm, immersed in the PLA
continuous phase. This morphology is indicative of a phase-separated immiscible blend
with poor compatibility between PLA and PCL phases [21,31,32]. On the other hand, the
70PLA/30PCL and 60PLA/40PCL blends presented co-continuous phase morphology
of each homopolymer with the presence of some irregular spherical droplets of bigger
size. Finally, in the 30PLA/70PCL blend, the inversion of phase occurred; thus, small PLA
droplets of size ~0.5 µm were dispersed in the PCL matrix.

Researchers usually reported [33–36] that PLA/PCL blends with PCL content until
30 wt.% formed typical droplets-in-matrix morphology, while the 40–60 wt.% PCL content
resulted in coarse co-continuous morphology. In our study, it is observed that phase
inversion from a droplet-like phase to a co-continuous phase occurred at 30 wt% PCL. This
might result from differences in viscosity, melting temperature, and crystallinity of both
polymers. In a comprehensive review, Fortelny et al. [23] reported that PLA and PCL are
immiscible polymers, but their interfacial tension is quite low; hence, PLA/PCL blends with
good mechanical properties can be prepared without the addition of a compatibilizer. While
mechanical properties were reported to be very sensitive to the blend composition and
morphology, the effects on other properties were insufficiently investigated. Therefore, in
the present study, we focused on the effects of the blend composition, the crystallinity, and
the blend morphology on the viscous, viscoelastic, and thermal behavior of the investigated
PLA/PCL blends.
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3.2. Rheological Properties

To provide more information regarding the interactions between the immiscible poly-
mers PLA and PCL, a dynamic rheological test was performed. The complex viscosity (η∗),
storage (G′), and loss (G′′) moduli variations versus angular frequency (ω) were measured
at 190 ◦C. In Figure 3a–f, the results are plotted individually for each sample: the PLA, PCL,
and binary blends. In Figure 3g,h, the η∗ and G′&G′′ are compared for all tested samples.
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Considering the complex viscosity in Figure 3a–f, the neat PCL exhibited Newtonian
flow behavior at low frequencies with a slight shear thinning behavior at higher frequencies
above 10 rad/s. On the other hand, the PLA demonstrated pseudoplastic behavior at low
frequencies, a tendency to plateau in the middle range, and a strong shear thinning at high
frequencies > 10 rad/s. Moreover, the viscosity of PLA is threefold higher than that of PCL
at ω~0.1 rad/s; however, in the shear thinning range, its viscosity becomes lower than that
of PCL, which was associated with the different molecular structures of both polymers.
Comparing all samples in Figure 3g, the binary blends of 5, 30, and 40 wt.% PCL showed
higher viscosity than that of the neat PLA in the entire frequency range, indicating the
presence of phase-separated microstructure of immiscible blends and confirming the SEM
visualization in Figure 2. On the other hand, the viscosity of the 30PLA/70PCL blend at
low frequencies is slightly lower than that of the PLA but twofold higher than that of the
PCL, which was associated with the inversion of phases, shown in Figure 2. In general,
all binary blends demonstrated strong shear thinning behavior similar to PLA, where
at low frequencies around ω ≥ 0.1 rad/s, the complex viscosity decreased in the order:
95PLA/5PCL > 60PLA/40PCL > 70PLA/30PCL > PLA>30PLA/70PCL >> PCL.

An overall observation on the dynamic storage modulus (G′) and loss modulus (G′′)
vs. angular frequency (ω) in Figure 3a–f showed that both dynamic moduli increased as
the frequency increased; moreover, the G′ and G′′ slopes of the PLA and all PLA/PCL
blends were lower than those of PCL, which is typical for the viscoelastic liquids. In
Figure 3h, a high elasticity contrast between the PLA and PCL polymers is observed
(G′

PLA/G′
PCL = 150 at ω = 0.1 rad/s) because of the large difference between their glass

transitions: ~60 ◦C for PLA and about −60 ◦C for the PCL. Furthermore, the G′ and G′′

values of the PLA/PCL blends with 5, 30, and 40 wt.% PCL contents were close to that
of the matrix PLA, confirming the low sensitivity to the morphological developments of
the PLA/PCL immiscible blends. The storage modulus (G′) of the 30PLA/70PCL blend
has values much higher than that of the PCL. This phenomenon was related to the yield
behavior [36] that may result from a slight cross-linking of the blend structure owing to
the phase inversion in the immiscible blend with the PCL major phase. The “cross-linking”
refers here to enhanced physical interactions between PLA and PCL phases. Evidence for
this includes increased complex viscosity at low frequencies, enhanced storage modulus
(G′), and deviations from liquid-like behavior in Cole–Cole plots (Figure 4b), particularly
in blends with phase inversion or intermediate PCL content, and these observations reflect
network-like structures arising from phase morphology and interfacial interactions.
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Figure 4a,b presents (a) the phase angle (δ) as a function of angular frequency (ω), as
well as (b) the Cole–Cole plots (η′′) vs. (η′), comparing the neat PLA and PCL polymers
with the PLA/PCL blends. As shown in Figure 4a, the phase angle (δ) at ω = 0.1 rad/s was
found to increase from 50◦ to 72◦ for the PLA and the PLA/PCL blends with increasing
the PCL contents from 5 to 70 wt.%, which is a typical viscoelastic material’s response.
While δ~90◦ for the neat PCL indicated a Newtonian behavior in the low-frequency range.
In Figure 4b, the Cole–Cole plots, presenting the imaginary (η′′) vs. real (η′) viscosity
parts of the complex viscosity, are explored to characterize the effect of composition ratio
on the morphological changes in the PCL/PLA blends. In the referred literature [37],
it was suggested that two-phase systems with liquid-like behaviors produce a smooth
semicircular arc in the Cole–Cole plot, while those with solid-like behavior produce an arc
that deviates from the semicircular shape. Comparing our samples in Figure 4b, it was
found that the amount of the PCL in the PLA/PCL blends had a significant influence on
the shape of its Cole–Cole curves. Thus, for the 95PLA5/PCL blend in the early stages
of phase separation, the Cole–Cole curve deviated from the semicircular shape and went
straight upward at high viscosity, indicating that the blend behaves like an elastic gel. For
other blends, such as 70/30, 60/40, and 30/70 w/w PLA/PCL, the shapes of the Cole–Cole
plots became semicircular at high viscosities, indicating a liquid-like behavior where the
systems approached the break-up state of the network and forms disconnected domains or
droplet-matrix morphology.

Therefore, this rheological analysis provided suitable criteria to differentiate the sepa-
ration in the two-phase systems. The rheological results from this study will be used in our
further works applying mathematical modeling and simulation to predict 3D printing pro-
cess parameters [38] and the flow instability [39] of PLA/PCL blends and nanocomposites
towards the design of 3D printable materials.

3.3. Dynamic Mechanical Thermal Analysis of PLA and PLA/PCL Blends

The results from dynamic mechanical, thermal analysis (DMTA) under airflow for the
neat PLA and the PLA/PCL blends with various PCL contents are presented in Figure 5.
Figure 5a–e show the temperature dependence of the storage modulus (G′) and loss modu-
lus (G′′) individually for each sample when comparing two heating rates, 3 ◦C/min and
5 ◦C/min. The G′ indicated the elastic or solid-like behavior, while G′′ indicated the viscous
or liquid-like behavior of the material. The black curves are for the heating rate of 3 ◦C/min,
and the red curves are for the heating rate of 5 ◦C/min. The G′ (T) curves showed a clear
drop around 70–80 ◦C, with a peak for G′′ (T) corresponding to the PLA glass transition
(Tg,PLA). At the heating rate of 5 ◦C/min, the (Tg,PLA) transition occurred at slightly higher
temperatures compared to that at 3 ◦C/min. At temperatures above the (Tg,PLA), the storage
moduli strongly decreased in three decades. Some authors [40,41] suggested that the ratio
between the glassy state and the rubbery plateau moduli measured in the DMA test can be
used to represent the shape memory behavior of materials. Additionally, between 90 ◦C
and 110 ◦C, an increase in both moduli was observed because of the cold-crystallization of
the PLA phase [42]. Figure 5f,g compares the G′&G′′ vs. temperature (T) for the neat PLA
and all PLA/PCL blends at heating rates of 3 ◦C/min (f) and 5 ◦C/min (g), respectively.
Adding 5 wt.% PCL to PLA insufficiently changed the storage modulus (G′) at low temper-
atures but increased the G′ drop after the Tg,PLA if compared to the neat PLA. This could be
related to the presence of sea-island microstructure with small domains of PCL dispersed
in the PLA matrix. The blends 70PLA/30PCL and 60PLA/40PCL have similar behavior
with twice lower values of both moduli compared to the neat PLA, which was associated
with the formation of a co-continuous phase morphology. For the sample 30PLA/70PCL,
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the storage and loss moduli showed a further decrease across the entire temperature range,
indicating even more dominance of the flexible PCL phase due to phase inversion.
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The DMTA study highlighted the impacts of the PCL content and the heating rate
on the thermal and mechanical behavior of PLA/PCL blends. The decrease in storage
modulus (G′) by blending PLA with PCL confirmed that the PCL significantly alters the
crystallization behavior of PLA [19]. In general, the increase in heating rate from 3 ◦C/min
to 5 ◦C/min consistently shifted the Tg to higher temperatures for all blends, and the
effect was associated with the reduced time available for molecular relaxation during
heating. The low content of 5 wt.% PCL produced a minimal effect on the G′ modulus and
Tg,PLA compared to the neat PLA due to the sea-island morphology of small PCL domains
dispersed within a continuous PLA matrix. Supporting evidence for this observation is
provided by the DSC results (Section 3.4.1), where the melt crystallization temperature
of PLA decreases from 103 ◦C for the neat PLA to 100 ◦C for the 95PLA/5PCL blend.
Additionally, TGA analysis (Section 3.4.2) confirmed a single-step degradation process
for this composition. In contrast, the higher PCL content significantly reduced the G′

values, broadened the peak of Tg,PLA, and promoted phase interactions associated with the
formation of co-continuous phase morphology at 30 and 40 wt% PCL and phase inversion
at 70 wt.% PCL, respectively. The higher amount of PCL strongly suppressed the PLA
crystallization, and this was confirmed by the DSC results below (Section 3.4.1), where
the melt crystallization of the PLA is not visible at 30–70 wt.% PCL. The reduction in
modulus is further influenced by the high degree of PCL crystallinity in the blends and its
positive contribution to the thermal degradation profile, as confirmed by the DSC and TGA
analyses below.

Figure 6a,b presents the tan δ vs. temperature curves comparing the neat PLA and the
PLA/PCL blends at two heating rates, 3 ◦C/min (a) and 5 ◦C/min (b). Tan δ represents
the ratio of loss modulus (G′′) to storage modulus (G′), reflecting the material’s damping
behavior. In our case, the tan δ peak corresponds to the glass transition (Tg,PLA), where the
transition from a glassy state to the rubbery state of the PLA polymer occurs. Blending PLA
with PCL resulted in a shift of tan δ peaks to higher temperatures and a broadening of the
peak as the PCL content increases, demonstrating that the higher PCL content dominates
the thermal response of the blends. Comparing the two heating rates in Figure 6a,b, we can
conclude that the heating rate of 5 ◦C/min shifted the tan δ peaks to higher temperatures
compared to 3 ◦C/min for all compositions due to kinetic effects during thermal transitions.
Broadening of the tan δ peak became more pronounced with increasing the PCL content;
this was reflected by the changes in phases and more significant phase separation.
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Figure 7 presents the PLA glass transition temperature (Tg,PLA) in the blends with
varying PCL content, as determined by the DMTA test at two different heating rates:
3 ◦C/min (black dots) and 5 ◦C/min (red dots). It can be seen that the Tg,PLA is 6–10 ◦C
higher at the higher heating rate of 5 ◦C/min compared to the 3 ◦C/min for all compositions.
This behavior arises due to kinetic effects that limit molecular relaxation. The faster
heating rate reduced the relaxation time needed for the molecular segments to respond,
causing the glass transition to occur at higher temperatures. Moreover, as the PLA content
decreased in the PLA/PCL blends, the Tg,PLA gradually increased for both heating rates.
The variation across the blends is small (1–2%) for the 95PLA/5PCL blend compared to
the neat PLA, but it increased to 6–8% at 30PLA/70PCL. However, at 5 ◦C/min, the Tg,PLA

shows a consistent inverse relationship, with a decreasing percentage of PLA in the blend,
which aligns with the expected influence of PCL content and the phase morphology. This
trend may be associated with the PCL effects on the segmental dynamics and reduced
mobility of PLA chains, likely due to the phase interactions and possible suppression
of PLA crystallization, as well as to the formation of phase-separated to co-continuous
morphologies, particularly at higher PCL content. Meanwhile, at 3 ◦C/min, the variations
in Tg,PLA, including apparent outliers, could be influenced by the increased sensitivity to
molecular relaxation at a slower heating rate. The slower heating rate allows more time for
phase-specific interactions, leading to potential deviations depending on the morphology
and crystallinity of individual samples.
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Figure 7. Glass transition temperature (Tg,PLA) determined from DMTA tests for PLA and its blends
with varying PCL content at two different heating rates: 3 ◦C/min (black dots) and 5 ◦C/min
(red dots).

In Table 2, the Tg,PLA values, as determined by DMTA (at two heating rates) and DSC
tests (in Section 3.4.1), are compared. The observed difference in the Tg,PLA determined by
both tests for the neat PLA can be attributed to the distinct physical properties measured
by each technique. The DMTA measured mechanical changes in the variations in storage
and loss moduli as a response to temperature, while the DSC analysis detected calorimetric
changes associated with the heat flow during the glass transition [43–45]. These transitions
for one and the same sample were manifested at different temperatures, as affected by the
heating rate and the differing sensitivities and principles of the two methods.
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Table 2. The glass transition temperature of PLA (Tg,PLA) in the blends with varying PCL content, as
determined by the DMTA and the DSC tests.

Sample
Tg,PLA, [◦C]

DMTA Test
at 3 ◦C/min

DMTA Test
at 5 ◦C/min

DSC Test
at 10 ◦C/min

PLA 73.5 80.2 59.7

95PLA/5PCL 75.8 81.3 not determined *

70PLA/30PCL 76.3 84.0 not determined *

60PLA/40PCL 80.3 86.2 not determined *

30PLA/70PCL 80 90.1 not determined *
* The Tg,PLA cannot be determined correctly in the PLA/PCL blends as the melting point of the PCL overlapped with the
glass transition of the PLA (see Figure 8a below in Section 3.4.1).
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3.4. Thermal Analyses of PLA/PCL Blends
3.4.1. DSC Evaluation of Phase Separation and Crystallinity of Blends

The effect of PCL amount on the PLA/PCL thermal transitions and crystallization
behavior was investigated by DSC analysis. In Figure 8, the DSC curves of heat flow vs.
temperature are presented. The thermal and crystallization characteristics are summarized
in Table 3. In Figure 8a, the heating thermograms show the glass transition (Tg) of the
neat PLA around 60 ◦C, followed by the cold crystallization peak at Tcc~95 ◦C and melting
peak at Tm ~177 ◦C. In the thermograms of the PLA/PCL blends, two melting peaks were
observed (Tm PCL ) for the PCL and (Tm PLA ) for the PLA, which was associated with the
phase separation in immiscible polymer blends. The cold crystallization temperature (Tcc)
and the melting temperature (Tm PLA) of the PLA were slightly shifted with 3–5 ◦C to lower
temperatures by increasing the PCL content. Furthermore, the glass transition of PLA
(Tg PLA ) overlapped with the melting peak of PCL (Tm PCL ) in the PLA/PCL blends and
cannot be determined, as it was performed with the DMTA tests. The PCL showed only a
melting peak (Tm PCL) in the temperature region studied. While in the blends, the melting
peak of the PCL appeared at slightly lower temperatures (60–61 ◦C) compared to the neat
PCL (~64 ◦C).
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Table 3. Thermal characteristics of PLA/PCL blends.

Sample Tg PLA
◦C

Tm PCL
◦C

∆Hm PCL
J.g−1

Tcc PLA
◦C

∆Hcc PLA
J.g−1

Tm PLA
◦C

∆Hm PLA
J.g−1

Tc PLA
◦C

Tc PCL
◦C

χc PLA,
%

χc PCL
%

χc Total
%

PLA 59.7 - - 95.0 22.7 177.0 36.0 103.4 - 14.3 - 14.3

95PLA/5PCL - 59.3 2.5 94.9 19.1 177.5 31.3 100.4 29.4 13.8 36.8 50.6

70PLA/30PCL - 60.7 27.2 92.7 11.4 175.8 20.1 - 29.5 13.4 66.7 80.1

60PLA/40PCL - 59.9 25.3 90.1 15.1 175.1 27.5 - 27.8 22.2 46.5 68.7

30PLA/70PCL - 61.1 38.1 91.7 4.5 174.5 8.5 - 29.6 14.3 40.1 54.4

PCL - 63.8 58.0 - - - 29.5 - 42.6 42.6

In the cooling thermograms in Figure 8b, a melt crystallization peak of the PLA (Tc PLA)
was observed around 103 ◦C for the neat PLA, and at 100 ◦C for the 95PLA/5PCL blend.
By increasing the PCL content in the blends, the melt crystallization peak of the PLA disap-
peared, which demonstrated the suppressing effect of PCL on the PLA crystallization. In
contrast, a melt crystallization peak of the PCL appeared at 30 ◦C for the blends containing
30, 40, and 70 wt.% PCL. The variation in crystallization temperature of the PC, Tc PCL was
~2% across the blends by increasing the PCL content, but the peak intensity was increased,
which was associated with the increased amount of crystallized PCL.

The percentage of crystallinity of both phases in the blends was determined from
the melting enthalpies using Equation (1). Table 3 summarizes the results. Figure 9
presents the PLA, PCL, and total crystallinity depending on the blend ratio. The PLA
crystallinity in the blends is relatively low, around χc PLA~14%, and it was insufficiently
affected by increasing the PCL content with variation across the blends of 2–3%, with
the exception of the 60PLA/40PCL blend with χc PLA~22%. In contrast, a large degree of
crystallinity was determined for the PCL in the blends, which is χc PCL = 43% for the neat
PCL, and it increased to χc PCL = 67% with a variation of 30% for the co-continuous blends
70PLA/30PCL. In contrast, the crystallinity of the blends with sea-island morphology
decreased to χc PCL = 37–40%, compared to the neat PLA with variation across the blends
around 5%. Researchers [23,34] found that the optimum size of the PCL particles in the
PLA/PCL blends depends on the degree of crystallinity of the PLA when it is a major
phase. In our case, the low crystallinity of the PLA (χc PLA~14%) is probably determining
the size of the PCL spheres (0.5–1 µm) in the immiscible blend with sea-island morphology,
as observed in Figure 2. Respectively, the much higher crystallinity of PCL (χc PCL~43%)
determined the smaller size~0.5 µm of the PLA droplet in the 30PLA/70 PCL blend, where
the PCL is the major phase.
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3.4.2. Thermal Stability and Degradation of PLA/PCL Blends

The TGA was performed to evaluate the thermal stability and degradation of the
PLA/PCL blends. Figure 10a compares the thermograms of the weight loss vs. temperature
of the neat polymers and the PLA/PCL blends with increasing the PCL content from 5
to 70 wt%. Figure 10b shows the first derivative of the weight loss vs. temperature. As
seen, the neat PLA and PCL, as well as the 95PLA/5PCL blend, have only one degradation
stage, while the thermal degradation of other PLA/PCL blends occurred in two steps.
The first step was related to the PLA decomposition, and the second step was associated
with the PCL degradation, which confirmed the phase separation of both polymers in the
immiscible PLA/PCL blends.
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PLA/PCL blends.

Figure 11 shows the temperature plots corresponding to the 2%, 5%, 10%, and 50%
weight loss, evaluating the degree of thermal stability with increasing the PCL content in
the PLA/PCL blends. Additionally, Table 4 summarizes the temperatures of the thermal
stability, as well as the degradation peaks of the PLA and PCL in the blends, evaluated by
the DTG curves (in Figure 10b). The results showed that the PLA is thermally stable up
to 305 ◦C, while the thermal stability of the PCL is much higher (347 ◦C). Importantly, the
addition of a small amount of 5 wt.% PCL significantly increased the thermal stability of
the PLA/PCL blend by 12–15 ◦C, with a variation of about 3%, while a further increase
of PCL content to 70% slightly increased the thermal stability with variation across the
blends around 1%. The DTG peak of thermal degradation of the PLA (TDTG peak, PLA) is
significantly shifted to higher temperatures by the addition of PCL, and this effect is mostly
presented at the low PCL content. In contrast, the peak of thermal degradation of the PCL
(TDTG peak, PCL) is insufficiently affected by the composition.
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Table 4. Thermal degradation parameters of PLA/PCL blends.

Sample T−2%
◦C

T−5%
◦C

T−10%
◦C

T−50%
◦C

TDTG peak, PLA
◦C

TDTG peak, PCL
◦C

R (500 ◦C)
%

PLA 305.0 321.0 333.3 359.9 365.5 - 2.68

95PLA/5PCL 317.4 334.9 349.4 382.2 391.3 - 1.23

70PLA/30PCL 321.9 342.1 354.2 384.4 384.4 412.5 1.47

60PLA/40PCL 308.5 335.2 349.5 382.2 373.2 411.1 1.20

30PLA/70PCL 319.7 343.0 356.3 404.3 369.6 413.4 1.98

PCL 347.2 368.3 378.6 405.8 - 411.7 4.45

4. Conclusions
Scanning electron microscopy (SEM) revealed distinct phase-separation morphologies

depending on the PLA/PCL ratio, with sea-island structures at low PCL content, co-
continuous morphologies at intermediate ratios, and phase inversion at high PCL content.
The rheological analysis demonstrated significant shear-thinning behavior, with blends
showing enhanced viscosity and moduli compared to neat PLA and PCL, influenced by
phase interactions and blend composition. Dynamic mechanical, thermal analysis (DMTA)
indicated that increasing PCL content reduced the storage modulus (G′) and shifted the
glass transition temperature (Tg) of PLA blends to higher temperatures, with notable
effects at higher heating rates. Differential scanning calorimetry (DSC) confirmed that
higher PCL content suppressed PLA crystallization while enhancing PCL crystallinity.
Thermogravimetric analysis (TGA) demonstrated improved thermal stability in PLA/PCL
blends, particularly at low PCL concentrations, with phase separation evident in distinct
degradation stages. Collectively, the results indicate that PLA/PCL blends exhibit tunable
properties suitable for advanced applications, balancing mechanical flexibility, thermal
stability, and environmental sustainability. These findings emphasize the importance of
composition and morphology in optimizing the functional properties of PLA/PCL polymer
blends for smart and responsive applications. Furthermore, the rheological characterization
of PLA/PCL blends is critical for understanding their flow behavior, which directly affects
their suitability for additive manufacturing (AM) applications. In extrusion-based AM
processes, material properties such as viscosity, phase separation, and crystallization behav-
ior govern the printability, mechanical performance, and interlayer adhesion of fabricated
components. By optimizing the rheological properties, this research provides insights into
tailoring PLA/PCL blends for eco-friendly and high-performance AM applications.
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