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A B S T R A C T

Polylactic acid (PLA) is widely used in 3D printing, but its brittleness limits its use in shape-memory applications. 
Polyhydroxyalkanoates (PHA) are more flexible and crystalline, yet their thermal instability complicates pro
cessing. To overcome these limitations, we blended PLA with two semi-crystalline PHA grades: PLA/PHAS (70/ 
30 wt%) and PLA/PHI (70/30 wt%) to combine printability with tailored thermal and viscoelastic properties. 
Filaments were melt-extruded and printed by fused filament fabrication. Oscillatory melt rheology at the printing 
temperature (220 ◦C) showed that the blends exhibited higher elasticity than neat PLA. Scanning electron and 
atomic force microscopy revealed that neat PLA exhibited a smooth, single‑phase surface, whereas both blends 
showed a phase‑separated matrix–droplet morphology with spherical PHA domains. Differential scanning 
calorimetry confirmed immiscibility through two distinct glass transitions (PHA‑rich near 3–4 ◦C, PLA‑rich near 
54–55 ◦C). Both blends showed lower cold‑crystallization enthalpies than printed PLA, indicating that the PHA 
phase hinders the mobility of the PLA chains. X‑ray diffraction showed that pure PLA formed only mesomorphic 
domains (< 1 nm), while the blends developed hierarchical crystalline structures containing large lamellae 
(24–29 nm) alongside smaller crystallites (~6–7 nm). A Prony-series finite element model, calibrated using 
time–temperature superposition from creep test data, accurately predicted linear viscoelastic behavior below the 
glass transition, remaining reliable up to 40 ◦C for PLA/PHAS and 45 ◦C for PLA/PHI. These results demonstrate 
that blending PLA with PHA enables tunable crystalline structures and predictable viscoelasticity, supporting the 
development of biomaterials with a functional thermal response.

1. Introduction

Biodegradable polymer scaffolds are widely used in tissue engi
neering due to their biocompatible and ability to support cell adhesion, 
proliferation, and tissue formation [1,2]. Common materials for these 
scaffolds include polyester polymers such as poly(lactic acid) (PLA) and 
bacterial polyhydroxyalkanoates (PHAs), which have been extensively 
applied in biomedical applications [3–6]. In recent years, responsive 
polymers with distinct thermomechanical transitions have gained 
growing interest in scaffold fabrication [7,8]. These materials—often 
classified as shape-memory polymers (SMPs)— are capable of alerting 
their structure in response to external stimuli (e.g., heat or light) [9–11]. 
In the tissue engineering field, such properties are highly valued because 

they can theoretically allow scaffolds to adapt to irregular defect shapes, 
minimizing surgical trauma and enabling delivery through minimally 
invasive procedures [12–14]. However, effectively leveraging these 
features requires a deep understanding of the underlying transitions, 
which depend on a polymer architecture featuring stable net points and 
reversible domains [15,16]. In semicrystalline polymers, crystalline 
lamellae serve as structural net points, while amorphous chain segments 
act as the switchable phase [17]. Thus, the arrangement and degree of 
crystallinity critically influence these underlying thermomechanical 
transitions and the resulting structural stability of the scaffolds.

PLA is ideal for 3D printing because of its ease of processing and high 
initial modulus [18]. It is bio-based and can be biocompatible [19–21]. 
However, neat PLA is relatively brittle, hydrophobic, and degrades 

* Corresponding author at: Department of Polymer Engineering, Faculty of Mechanical Engineering, Budapest University of Technology and Economics, 
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slowly in vivo [22–24]. Its glass-transition temperature of around 60 ◦C 
also limits body-temperature actuation in SMP applications unless 
plasticizers or secondary phases are used [25]. Nevertheless, fused 
filament fabrication (FFF)-printed PLA can be programmed into tem
porary shapes and reliably recover upon reheating, demonstrating its 
potential as an SMP [26]. Building on these strategies, near-infrared 
light actuation and embedded internal strain have been explored [27]. 
Additionally, blending PLA with other materials can further control SMP 
behavior. For example, incorporating PHA into PLA alters crystallinity, 
ductility, and thermal transitions, thereby altering the effectiveness of 
the switchable phase [28]. However, unoptimized blends with excessive 
crystallinity or phase heterogeneity can impair mechanical performance 
and thermal stability [29].

Due to these limitations, PLA is often blended with softer polymers or 
polymers with lower glass transition temperatures (Tg), such as poly 
(ethylene glycol) (PEG), poly(ε-caprolactone) (PCL), or PHA [30,31]. 
PHAs, including poly(3-hydroxybutyrate) (PHB) and its copolymers, 
offer excellent biodegradability and biocompatibility [32]. However, 
PHA is difficult to processing due to its high crystallinity and narrow 
thermal processing window [33]. For instance, PHB has a low elonga
tion at break (4–10%) and a very high degree of crystallinity 
(≈60–80%), while its melting temperature (~175 ◦C) close to the onset 
of its degradation [34]. This narrow thermal processing window com
plicates melt extrusion and printing. Recent studies further demonstrate 
that the printability of blends containing PHA is strongly governed by 
rheological behavior, crystallinity, and filament stiffness. For example, 
in poly(3-hydroxybutyrate-co− 3-hydroxyvalerate) (PHBV)-based sys
tems, low-stiffness, high-viscosity blends tend to buckle during printing. 
In contrast, compositions with ≥ 20 wt% PHBV results in smoother and 
more stable filament extrusion, although higher PHBV content can lead 
to defects such as warpage [35].

As a result, PHA is most often incorporated into PLA matrices, where 
it alters phase morphology, mechanical properties and the degree of 
crystallinity, while maintaining biodegradability [4,36]. PLA blended 
with PHA copolymers at a 70/30 wt% ratio has been reported to have a 
favorable balance of stiffness, ductility, and degradation behavior across 
different processing routes [37–39]. Similarly, blends of a high per
centage of PLA and other polymers, like polybutylene adipate tere
phthalate (PBAT), have shown that a PLA/PBAT (70/30) composition 
provides excellent printability and improves interfacial quality [40]. 
This performance is due to altered crystallization and well-dispersed 
PHA phases in the PLA matrix. However, mechanical and 
shape-memory properties strongly depend on processing and thermal 
conditions. Precise extrusion and cooling are key to consistent quality, 
3D-printing-compatible PLA/PHA filaments.

The morphology of PLA/PHA blends governs their structural orga
nization and phase distribution. These systems typically exhibit a het
erogeneous two-phase structure due to limited miscibility between the 
components [4,41]. In such systems, the PHA phase is commonly 
observed as spherical or near-spherical domains dispersed within the 
continuous PLA matrix [41]. These domains can be as small as nano
metric sizes, depending on the conditions of the processing method. For 
instance, PHA particles have been reported mainly in the 50–450 nm 
range, with an average size of around 275 nm [42]. Beyond conven
tional imaging, techniques such as atomic force microscopy (AFM) can 
be used in analyzing the topography and spatial distribution of these 
phases [43–47]. This phase-separated architecture shapes the spatial 
distribution of crystalline and amorphous regions, making it a critical 
consideration when thermal transitions and viscoelastic behavior are 
interpreted. An additional but often underreported challenge is pre
paring PLA/PHA filaments for 3D printing. Numerous studies have 
focused on commercially available filaments rather than on in-house 
fabrication [29,48–53]. Filament quality relies on melt homogeneity, 
steady extrusion, and accurate cooling during drawing and calibration. 
Insufficient cooling leads to stickiness and diameter fluctuations, 
reducing print quality [54]. Extrusion of PLA/PHA blends is particularly 

challenging due to PHA's tendency to crystallize and its limited pro
cessing window. Effective cooling, melt stabilization, mixing, and 
thermal control are essential for consistent filaments for printing func
tional polymer structures.

Finite-element models have been used to establish quantitative cor
relations between stiffness and shape fixity, but recovery ratios remain 
largely unexplored [55]. The creep behavior of a material governs its 
dimensional stability and time-dependent deformation. In semi
crystalline polymers such as PLA, creep arises from time-dependent 
molecular rearrangement within amorphous regions and from con
strained mobility imposed by crystalline domains. Several authors have 
utilized generalized viscoelastic frameworks including Prony-series 
representations of generalized Maxwell or Kelvin–Voigt models, to 
characterize the time-dependent mechanical response of thermoplastic 
polymers [56]. These approaches capture the distribution of relaxation 
times associated with molecular motions and are widely used in finite 
element simulations of polymer creep and stress relaxation behavior. 
Studies of additively manufactured polymers demonstrate that linear 
viscoelastic models, specifically those utilizing Prony series, can effec
tively describe creep deformation. These models not only replicate 
experimental creep strains but also serve as a predictive tool for 
long-term deformation in printed thermoplastics [57]. Prony-series pa
rameterizations have been shown to fit relaxation and creep data for 
3D-printed PLA components, although predictive accuracy often de
clines near or above Tg due to nonlinear cooperative segmental motion 
[58,59]. However, the predictive accuracy of these linear models is often 
limited to temperatures below Tg, where molecular mobility remains 
restricted and linear viscoelasticity applies. Near or above Tg, coopera
tive segmental motions lead to nonlinear mechanical behavior, which 
cannot be fully captured with parameters derived from sub-Tg 
measurements.

Nonetheless, the quantitative correlations linking this behavior to 
PHA content, crystallinity, and thermal transitions remain largely un
explored. Specifically, there is a lack of data on how PHA content in
fluences the evolution of crystallinity and the modification of thermal 
transitions. Understanding these links is especially important for 
tailoring thermomechanical behavior, as the phase responsible for 
deformation resistance is linked to the material's thermal transitions and 
viscoelastic properties [60,61]. In this study, we hypothesize that adding 
different commercial grades of PHA to PLA at a 70/30 wt% ratio creates 
a heterogeneous two-phase structure. This phase-separated morphology 
is likely to affect thermal transitions, crystalline structures, and visco
elastic creep behavior. We also hypothesize that the dispersed PHA 
phase influences crystallization and chain mobility within the PLA ma
trix. These effects are explored through a combination of experimental 
characterization and computational modeling. The resulting materials 
hold promises for advancing functional thermal‑response biomaterials.

2. Materials and methods

2.1. Materials

PLA pellets (Ingeo™ 3D850 grade) were purchased from Nature
Works LLC (Minnetonka, MN, USA). This grade of PLA is designed for 
FFF 3D printing, with a D-lactide content of about 4% and a melting 
temperature between 165 and 180 ◦C.

Semi-crystalline PHA pellets (PHACT S1000P grade) were supplied 
by CJ Biomaterials (CJ CheilJedang, Seoul, South Korea), with a melting 
temperature range of 145–175 ◦C. This type of PHA is abbreviated as 
PHAS in this study.

Another semi-crystalline PHA (PHI 002 grade) was supplied in pellet 
form by NaturePlast (Mondeville, France), with a melting temperature 
range of 165–175 ◦C. This type of PHA is abbreviated as PHI in this 
study.

Amorphous PHA pellets (PHACT A1000P grade) were supplied by CJ 
Biomaterials (CJ CheilJedang, Seoul, South Korea), with a melting 
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temperature range of 135–175 ◦C. This type of PHA is referred to as 
amorphous PHA in this study.

Pellet dimensions were measured with a digital caliper (n = 15 per 
material). The longest and shortest dimensions are summarized in 
Supplementary Materials (Appendix 1, Table A.1).

2.2. Filament preparation

All polymer pellets were dried overnight (16 h) in a vacuum drying 
chamber (Binder VD 53, Germany) at 50 ◦C. This process was performed 
before filament fabrication to remove residual moisture and reduce the 
risk of hydrolytic degradation during melt processing. After drying, we 
carefully weighed the materials to prepare four batches: neat PLA, PLA/ 
PHAS (70/30 wt%), and PLA/PHI (70/30 wt%). Each batch was 
manually dry-mixed in a barrel by manually shaking for about 120 s 
until it appeared visually uniform. All pellets had similar minimum di
mensions of approximately 3.0–3.5 mm and similar density, reducing 
the risk of segregation during handling. To prevent segregation after 
mixing, we transferred the batches directly to the extruder hopper 
without intermediate storage or vibration. Final homogenization is ex
pected to occur in the twin-screw extruder equipped with kneading el
ements for both distributive and dispersive mixing.

We initially targeted PLA/amorphous PHA blends with higher 
amorphous PHA content (70/30 and 80/20 wt% PLA/amorphous PHA 
blends), but these formulations were not processable during filament 
extrusion. They exhibited excessive stickiness and irregular flow, pre
venting the formation of a continuous filament. Only the blend con
taining 10 wt% amorphous PHA (90/10 wt% PLA/amorphous/PHA) 
yielded a stable extrudate filament. However, this filament failed when 
we attempted to print it using the parameters described in Section 2.3
3D printing (Table 2). The filament, even with a small amount of 
amorphous PHA, exhibited low thermal stability and lacked a distinct 
melting point, leading to gradual softening and tackiness at the nozzle 
rather than consistent flow performance. Due to insurmountable issues 
at both the extrusion and printing stages, we excluded this filament 
(PLA/amorphous PHA 90/10 wt%) from further consideration in this 
study.

We therefore fabricated the filaments using a twin-screw extruder 
with co-rotating screws (LTE 26–44, Labtech Engineering Co., Ltd., 
Samutprakarn, Thailand) to achieve effective melt mixing and the uni
form dispersion of all components. The diameter of the screws was 
26 mm with an L/D ratio of 44:1, and rotation speed was set at 20 rpm. A 
filament die with a 3 mm diameter hole was used. The extrusion pa
rameters are summarized in Table 1.

After extrusion, the melted extrusion filament is passed through two 
consecutive cooling baths (water), which stabilizes its geometry and 
minimizes post-extrusion deformation. Surface moisture was removed 
with a clean, lint-free cloth before winding. Filament diameters were 
continuously measured with an inline laser measurement system (ODAC 
13 TRIO, Zumbach Electronic AG, Orpund, Switzerland). The system 
targeted a nominal diameter of 1.75 mm with a tolerance of ±0.05 mm, 
enabling continuous data acquisition and real-time monitoring (Meas
ureOD software). A representative video recording of the extrusion and 
diameter measurement setup is provided in the Supplementary 
Materials (Appendix 1, Video A.1). Three filaments were produced: 
one from neat PLA and two from the PLA/PHA blends. The filaments 
were stored overnight and then specimens were 3D printed with them.

2.3. 3D printing

We used FFF technology to print the specimens from fabricated fil
aments on a 3D printer (P1S, Bambu Lab, China) with a 256 mm 
× 256 mm × 256 mm build platform. We printed solid rectangular bars 
(4 mm × 10 mm × 60 mm) from the three successfully produced fila
ments and used these specimens in further characterization. For X-ray 
diffraction (XRD) and melt rheology, cylindrical specimens were printed 
with complete infill. The XRD specimens were 1 mm thick and 22 mm in 
diameter. For the melt rheology analysis, which consisted of oscillatory 
frequency-sweep measurements on a rotational rheometer, the speci
mens were 25 mm in diameter and 0.8 mm thick. Additionally, rectan
gular specimens measuring 4 mm × 10 mm × 80 mm were fabricated for 
three-point bending tests. We used a 0.2 mm nozzle and 100% infill to 
ensure full material density for thermal, structural, and mechanical 
characterization. Nozzle temperature was set to 220 ◦C, the build plat
form was maintained at 65 ◦C, and a textured polyetherimide plate was 
used to enhance interlayer adhesion and reduce warping. We selected 
moderate printing speeds to improve dimensional accuracy and reduce 
printing artifacts, as shown in Table 2.

In the preliminary printing test, three filaments were printable with 
these printing conditions, including: i. PLA, ii. PLA/PHAS, and iii. PLA/ 
PHI. To enhance clarity in this study, we abbreviated the samples, as 
shown in Table 3.

2.4. Characterization

We used various complementary techniques to analyze the materials 
at different processing stages and establish structure–property re
lationships. To assess printability, we printed the filaments, and 
compared the resulting parts to the CAD models through visual in
spection and digital microscopy. To analyze the behavior of the melt 
flow at the printing temperature and just below it, we conducted oscil
latory frequency-sweep rheometry at the melting temperatures. We 
examined the phase morphology of fractured samples by scanning 
electron microscopy (SEM) to distinguish between neat PLA and the two 
blends. We further investigated nanoscale surface topography and phase 
contrast by atomic force microscopy (AFM) in tapping mode, which 
provided additional insight into phase distribution and heterogeneity. 
The impact of processing on thermal transitions and crystallinity was 
evaluated by differential scanning calorimetry (DSC) on printed speci
mens and original pellets. To characterize the crystalline order of 
lamellar structure and size, we conducted X-ray diffraction (XRD) on the 
printed specimens. We performed three-point bending tests to evaluate 
the flexural properties of the materials. Finally, we studied time- 
dependent deformation and validated the Prony‑series model with the 
use of creep testing, combined with time–temperature superposition 

Table 1 
Extruder temperature profile (◦C) across ten heating zones and the die for PLA and PLA/PHA blends. The PLA/PHA profile was applied to all three PLA/PHA blends 
(PLA/PHA S1000, PLA/PHI 002, and PLA/amorphous PHA).

Extruder temperature profile (◦C) 1 2 3 4 5 6 7 8 9 10 Die

PLA 170 175 180 180 180 185 190 190 195 195 195
PLA/PHA blends 170 170 170 175 175 180 185 185 190 190 190

Table 2 
3D printing speeds.

Layer Speed (mm/s)

Initial layer 35
Initial layer infill 50
Outer wall 200
Inner wall 300
Internal solid infill 250
Top surface 200
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(CreepTTS) and viscoelastic finite-element modeling under sub–Tg 
conditions.

2.4.1. Printability inspections
We inspected the printed specimens with a high-resolution digital 

microscope (VHX− 5000 series, Keyence Corporation, Osaka, Japan). 
The system, equipped with a VH-Z100UT long-range zoom lens (100x to 
1000x magnification) and differential interference contrast (DIC) ca
pabilities, enables detailed visualization across a range of scales without 
the need for a conductive coating.

2.4.2. Oscillatory frequency sweep measurements
The melt rheological properties of neat PLA, PLA/PHAS, and PLA/ 

PHI were examined with a rotational rheometer (Kinexus Prime Pro+, 
Netzsch‑Gerätebau GmbH, Selb, Germany). A 25 mm diameter paral
lel‑plate setup was employed, with a measurement gap of 0.8 mm. The 
printed cylindrical specimen was positioned between the plates and 
heated to the desired temperature. Oscillatory frequency-sweep mea
surements were conducted in strain-controlled mode, with a constant 
shear strain of 1%. Angular frequency ranged from 100 Hz down to 
0.1 Hz, with 7 measurement points per decade. Each specimen was 
measured at three temperatures: 220 ◦C (the actual 3D printing tem
perature), 210 ◦C, and 200 ◦C. We selected the additional temperatures 
to evaluate the wider processability window. During each measurement, 
we recorded the storage modulus (G') and loss modulus (G'') as a func
tion of frequency (f). We calculated the loss tangent (tan δ) as the ratio of 
G'' to G'. The complex viscosity (ƞ*) was then calculated from these 
moduli with Eq. (1). 

ƞ∗ =

̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅

(Gʹ)2
+ (Gʹ́)2

√

2πf
(1) 

2.4.3. Scanning electron microscopy (SEM)
We used SEM (JEOL 6380 LA, Tokyo, Japan) to examine the phase 

morphology of neat PLA and the two blends. The samples were 
immersed in liquid nitrogen and fractured manually when sufficiently 
embrittled, which produced clean, brittle surfaces. The fractured spec
imens were mounted on aluminum stubs with the use of conductive 
carbon tape and coated with a thin layer of gold with a sputter coater 
(JEOL JFC− 1200, Tokyo, Japan) for 30 s under an argon atmosphere. 
Images were captured at an accelerating voltage of 5 kV and a magni
fication of 5000 × . We selected representative areas from each sample 
to ensure accurate evaluation of phase distribution. To quantify 
morphological differences, we performed image analysis of the SEM 
micrographs using ImageJ (version 1.54 g, National Institutes of Health, 
Bethesda, MD, USA). For each material, ten individual domains were 
measured.

2.4.4. Atomic force microscopy (AFM)
The surface topography and phase contrast of the samples were 

examined by AFM (FlexAFM 5, Nanosurf, Liestal, Switzerland) in tap
ping mode (amplitude modulation) with phase imaging. The printed 
samples were first fractured in liquid nitrogen for fresh cross-sections. 
The fractured pieces were then embedded in epoxy, clamped verti
cally, and left to cure. After curing, we polished the embedded samples 
to obtain a smooth surface for AFM analysis. The measurements were 
performed with a TAP190AI-G cantilever in air, and both topography 
(amplitude) and phase-contrast images were recorded in the forward 

scan direction. AFM images were acquired over an area of 1 μm × 1 μm, 
with a line time of 1.2 s, a scan rotation of 0◦, a setpoint of 60%, and a 
free vibration amplitude of 1 V.

2.4.5. Differential scanning calorimetry (DSC)
We used a differential scanning calorimeter (DSC 300 Caliris Select, 

Netzsch GmbH, Selb, Germany) to evaluate the thermal properties of the 
specimens. The specimens included 3D-printed samples (PLA, PLA/ 
PHAS, and PLA/PHI), and PLA, PHAS, and PHI pellets as references. 
Each sample was cut into small pieces (approximately 1–2 mm). They 
weighed between 5 and 9 mg and were placed in a sealed aluminum pan, 
and tested under a nitrogen purge of 20 mL/min. The samples under
went a heat–cool–heat cycle between − 50 and 200 ◦C with a heating/ 
cooling rate of 10 ◦C/min. Notably, cold crystallization occurred during 
heating, which was accounted for in the calculations. Peaks were iden
tified with the NETZSCH Assistant software (version 9.7). The first 
heating cycles showed the Tg of each sample. We calculated the degree of 
crystallinity (Xc) for a single material using Eq. (2). 

Xc =
ΔHm − ΔHcc

ΔHtc
× 100 (2) 

where ΔHm is the melting enthalpy, ΔHcc is the cold crystallization 
enthalpy, and ΔHtc is the crystallization enthalpy of the ideally crystal
line PLA, which is taken to be 93 J g− 1 [62], and for PHAS and PHI 
pellets, which are taken to be 146 J g− 1 [63].

2.4.6. X-ray diffraction (XRD)
XRD patterns were performed on a Bruker D6 Phaser (Bruker AXS SE, 

Germany) diffractometer with Cu Kα radiation (λ = 1.5418 Å) in 
Bragg–Brentano geometry. Cylindrical specimens (1 mm thickness, 
22 mm diameter) were printed from PLA, PLA/PHAS, and PLA/PHI 
filaments. Diffraction patterns were recorded over a 2θ range of 6–35◦ in 
step-scan mode. Data were collected with a counting time of 0.2 s per 
step. During acquisition, samples were rotated at 8 rpm, which mini
mized preferred-orientation effects. Diffraction peaks were obtained, 
denoised, and then analyzed with the OriginPro software (version 8.6). 
We evaluated the crystalline order of the lamellar structure, and deter
mined lamellar size from peak broadening using the Scherrer equation 
[64], as represented in Eq. (3). 

D =
Kλ

β cosθ
(3) 

where (D) is crystallite size, (K) is a dimensionless shape factor, (λ) is the 
X-ray wavelength, (β) is the full width at half maximum in radians, and 
(θ) is the Bragg angle. Additionally, the degrees of crystallinity of the 
PLA/PHAS and the PLA/PHI blends were quantified with the OriginPro 
software (version 8.6). We resolved the crystalline peak areas by 
applying a multi-point (n = 10) baseline fitting to ensure accurate peak 
integration. The total amorphous area was subsequently integrated 
directly over the full 2θ range (6◦ to 35◦). The degree of crystallinity was 
determined with Eq. (4). 

Xc =
Ac

Ac +Aa
× 100 (4) 

where Ac is the crystalline area, and Aa is the amorphous area.

2.4.7. Three-point bending
Flexural properties of the specimens were assessed through a three- 

point bending test on 3D printed 80 mm × 10 mm × 4 mm bulk block 
specimens. This test was conducted 5 times per specimen type on a 
Zwick Z005 universal testing machine (Zwick Roell, Ulm, Germany) 
equipped with a 5 kN load cell. The support span was fixed at 64 mm, 
and a 1 N preload was applied before testing. The test started at a 
crosshead displacement speed of 1 mm/min to precisely measure the 
flexural modulus, then increased to 5 mm/min for the rest of the test. 

Table 3 
Description of sample identifiers (codes) for 3D-printed specimens.

Description of materials content Code

PLA 3D850 PLA
PLA 3D850 / PHACT S1000P (70/30 wt%) PLA/PHAS
PLA 3D850 / PHI 002 (70/30 wt%) PLA/PHI
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Environmental conditions were kept at room temperature and 35–40% 
relative humidity.

The standard assumes that the specimen can be considered a straight 
beam throughout the test and limits the strain to 3.5% (approx. 6 mm 
deflection for the given test specimens). The strains were higher than 
that, and we wanted to evaluate the entire deformation range. There
fore, we applied nonlinear geometric corrections in accordance with 
ASTM D790 [65] throughout the evaluation. The flexural stress (σf), 
flexural strain (εf), and flexural modulus (Ef) were calculated with Eqs. 
(5)–(7), respectively. Flexural toughness (U) is determined by the total 
area under the load-deflection curve up to failure, as presented in Eq. 
(8). 

σf =
3FL
2bd2 [1+6

(
D
L

)2

− 4
(

d
L

)(
D
L

)

] (5) 

εf =
6Dd
L2 [1 −

(
D
L

)2

+ 4
(

d
L

)(
D
L

)

] (6) 

Ef =
L3 m
4bd3 (7) 

U =

∫

σf dεf (8) 

where (F) is the applied load, (L) is the support span (L=64 mm), (b) is 
the measured width of the specimen, (d) is the measured thickness of the 
specimen, (D) is the center deflection, and (m) is the slope of the initial 
linear portion of the load-deflection curve.

2.4.8. Creep TTS testing
In semicrystalline polymers, maintaining dimensional stability de

pends on the material's resistance to creep, which is the gradual defor
mation that occurs under constant stress over time. Understanding how 
PLA/PHA blends behave under sustained load across a range of tem
peratures is therefore essential for predicting their time-dependent 
deformation. Therefore, PLA/PHAS and PLA/PHI blends were sub
jected to creep testing in an air atmosphere, with a dynamic mechanical 
analyzer (DMA Q800, TA Instruments, New Castle, DE, United States). 
The creep tests were performed in creep time-temperature superposition 
(TTS) mode of the DMA, in a three-point bending arrangement with a 
standard span of 50 mm. The analyzed specimens had dimensions of 
4 mm × 10 mm × 60 mm. Table 4 shows further test parameters.

Creep modulus data were obtained from the tests as the ratios of the 
pre-set flexural stress to the time-dependent flexural strain. The creep 
modulus, as defined by Eq. (9), characterizes the material's resistance to 
creep. 

E(t) =
σ0

ϵ(t)
(9) 

2.4.9. Finite element formulation
The creep modulus can be approximated with the Prony-series 

method, which is the sum of the products of individual relative 
moduli and their corresponding relaxation times. The Prony-series 
approximation can be written according to Eq. (10). 

E(t) = E∞ +
∑NE

i=1
Ei • e− t/τi

E
(10) 

where: 

E∞ is the elastic modulus of the completely relaxed material (at 
t = ∞),
Ei is the ith elastic component of the Prony-series,
τi

E is the relaxation time of the ith component of the Prony series, and
NE is the number of Prony terms.

A four-term Prony series was selected as an optimal balance between 
numerical stability during curve fitting and simulation accuracy. Finite 
element simulations were conducted in ANSYS Workbench with the use 
of the generalized Maxwell model. The general stress-strain relationship 
of this model is described by Eq. (11). 

σ̿ =

∫ t

0
2G(t − τ) • ∂ε̿ d

∂τ dτ + I
̿
•

∫ t

0
K(t − τ) • ∂εv

∂τ dτ (11) 

where: 

σ̿ is the Cauchy stress tensor,

ε̿ dis the deviatoric part of the strain tensor,
εvis volumetric (hydrostatic) strain,

I
̿
is the unit tensor,

G(t)is the shear relaxation kernel function,
K(t)is the bulk relaxation kernel function,
tis current time, and
τpast time.

Initial shear and bulk moduli were derived from elastic properties 
with Eqs. (12) and (13). 

G(t = 0) = G0 =
E

2 • (1 + v)
(12) 

K(t = 0) = K0 =
E

3 • (1 − 2v)
(13) 

where v is the Poisson’s ratio of the material.

3. Results and discussion

3.1. Print quality and dimensional accuracy

We first assess the quality of the printed specimens through visual 
inspection and digital microscopy, as shown in Fig. 1. All specimen types 
exhibit clean, well-defined features with no visible defects, and the 
printed geometries closely match the intended CAD design, demon
strating good dimensional accuracy and structural consistency.

These findings confirm that the printing parameters are consistent 
and reliable across all tested materials. Incorporating blended filaments 
containing semi-crystalline PHA in PLA (PLA/PHAS and PLA/PHI) does 
not negatively affect printability or the final quality of the parts under 
the tested conditions. Having verified the macroscopic integrity of the 
printed items, we now proceed to thermal analysis to explore how the 
blends affect the internal microstructure.

3.2. Melt rheology analysis

The oscillatory rheology results show that for all materials, G′ and G″ 
increase as the frequency increases, while the overall loss tangent de
creases, as shown in Fig. 2. This behavior reflects typical viscoelastic 

Table 4 
Parameters of DMA creep TTS testing.

Parameters used Unit Value

Flexural stress MPa 2
Minimum temperature ◦C 25
Maximum temperature ◦C 50
Temperature increment ◦C 5
Furnace (conditioning) time min 10
Creep time min 30
Recovery time min 30
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melt dynamics: polymer chains relax on long timescales (low fre
quency), leading to a viscous-dominated response, and become 
increasingly constrained at short timescales (high frequency), resulting 

in a higher elastic contribution [66,67]. Nevertheless, G″ remains higher 
than G′ over most of the frequency range for all materials. While mea
surements were taken up to 100 Hz, we cut off the data at 50 Hz during 

Fig. 1. Visual and digital microscopic inspection of the printed sample and its CAD model.

Fig. 2. Rheological melting properties of (a) PLA, (b) PLA/PHAS, and (c) PLA/PHI measured at various temperatures and frequencies.
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analysis to improve accuracy and remove potential high-frequency in
ertial artifacts.

The influence of the dispersed PHA phase on melt rheology is most 
clearly seen at the printing temperature (220 ◦C). Neat PLA behaves as a 
primarily viscous melt. Across all frequencies (0.1–50 Hz), its storage 
modulus is lower than its loss modulus. Its loss tangent remains above 2, 
exceeding 50 at low frequencies. This shows that neat PLA stores min
imal elastic energy under shear. PLA/PHAS exhibits more pronounced 
elastic behavior than PLA at 220 ◦C. It has a higher storage modulus 
across all frequencies, especially below 1 Hz, where its loss tangent is 
several times lower than for neat PLA. The loss modulus increases, too, 
but the ratio of loss to storage modulus decreases notably. The maximum 
loss tangent remains below 7 across all frequencies. This can be attrib
uted to dispersed PHAS domains acting as physical crosslinks that trap 
elastic energy, especially at low shear rates when the polymer chains 
have time to interact with the dispersed phase. On the other hand, PLA/ 
PHI shows intermediate elasticity: its storage modulus at low fre
quencies is clearly above that of neat PLA but remains lower than that of 
PLA/PHAS below 0.2 Hz. However, as frequency increases, the storage 
modulus of PLA/PHI surpasses that of PLA/PHAS at frequencies above 
~1 Hz. The maximum loss tangent stays below 9 at 0.1 Hz and decreases 
as the frequency increases.

At 210 ◦C and 200 ◦C, each material exhibits distinct rheological 
melting behavior. Neat PLA shows only minor changes. Its storage and 
loss moduli increase slightly, and its loss tangent decreases moderately. 
Hence, it remains mostly viscous‑dominated (loss tangent > 1) even at 
200 ◦C. This reflects the absence of any dispersed phase that could form 
a temperature‑sensitive network. On the other hand, PLA/PHAS shows a 
much stronger temperature response compared to PLA. As the temper
ature drops to 210 ◦C and then to 200 ◦C, its loss modulus rises signif
icantly, and its storage modulus increases by more than an order of 

magnitude compared to values at 220 ◦C. Concurrently, its loss tangent 
decreases with temperature. PLA/PHI behaves similarly at lower tem
peratures, but the temperature sensitivity of PLA/PHAS is stronger, 
which is consistent with its finer phase dispersion.

Beyond the storage and loss moduli, the complex viscosity provides 
additional insight into flow behavior, as shown in Fig. 3. All materials 
exhibit strong shear-thinning behavior, with complex viscosity 
decreasing with increasing frequency. At 220 ◦C (printing temperature), 
PLA/PHAS exhibits a distinctive non-monotonic pattern: its complex 
viscosity slightly increases from 0.1 Hz to about 10 Hz, then declines 
beyond that point. Despite this, PLA/PHAS maintains the lowest com
plex viscosity among all materials. Lower viscosity means easier flow 
and reduced extrusion forces. On the other hand, neat PLA has an in
termediate complex viscosity. The complex viscosity of PLA/PHI is 
marginally higher than that of neat PLA below approximately 0.6 Hz, 
but above 1 Hz, it is lower.

Temperature sensitivity varies significantly among the three mate
rials. When the temperature decreases from 220 ◦C to 200 ◦C, PLA/PHAS 
shows the largest change, with its low-frequency complex viscosity 
increasing by more than 3-fold, indicating a gel-like transition. PLA/PHI 
shows a smaller, more stable shift, maintaining consistent flow over a 
wider temperature range. In contrast, neat PLA exhibits irregular, non- 
monotonic temperature dependence: at 210 ◦C, its complex viscosity 
exceeds that at 200 ◦C for certain frequencies. This may be due to re
sidual crystallites or thermo-oxidative effects. Beyond ~30 Hz, PLA at 
200 ◦C has even lower viscosity than at 220 ◦C.

From a processing standpoint, PLA/PHAS flows well at 220 ◦C but is 
very sensitive to temperature changes. Printing below 210 ◦C can be 
challenging. In comparison, PLA/PHI has a more consistent complex 
viscosity across different temperatures. Neat PLA’s unpredictable tem
perature response may lead to uneven extrusion when the temperature 

Fig. 3. Complex viscosity (ƞ*) as a function of frequency for neat PLA, PLA/PHAS, and PLA/PHI at 200 ◦C, 210 ◦C, and 220 ◦C.
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varies.
Optimal printing temperatures are identified from rheological data. 

This equilibrium between viscous flow and elastic recovery is considered 
essential for effective extrusion processing of thermoplastic polymers 
[68,69]. Based on the literature [70,71], we considered that the shear 
rate inside the nozzle during extrusion corresponds to oscillatory fre
quencies in the range of 10–40 Hz. At 220 ◦C, a low storage modulus and 
a high loss tangent enhance mobility, facilitate better flow, and lead to 
smoother extrusion of the blends. In the shear rate range of 
10–40 Hz—relevant to nozzle flow—PLA/PHAS shows the most char
acteristic behavior: it has the highest complex viscosity at 200 ◦C but the 
lowest at 220 ◦C. Neat PLA and PLA/PHI have nearly identical complex 
viscosities at 200 ◦C, but the differences become evident as the tem
perature increases. At both 210 ◦C and 220 ◦C, PLA/PHI exhibits a lower 
viscosity than neat PLA. This suggests that adding PHI or PHAS reduces 
flow resistance at higher temperatures, with PLA/PHAS providing the 
greatest improvement in processability at 220 ◦C.

3.3. Phase morphology analysis

The SEM images of fractured surfaces reveal clear morphological 
differences between neat PLA and the two blends (Fig. 4). Neat PLA 
exhibits a smooth, relatively homogeneous surface, consistent with a 
single continuous phase. In contrast, both PLA/PHAS and PLA/PHI 
exhibit heterogeneous, phase-separated morphology, with the contin
uous PLA matrix interrupted by dispersed PHA-rich domains. These 
features correspond to a second polymer phase rather than voids. 
Limited miscibility in these blends typically results in a matrix–droplet 
morphology. The dispersed PHA phase appears as nanometric spherical 
or near-spherical particles. This observation is consistent with the 
literature [4,41,42].

Neat PLA showed no discrete domains; occasional surface features 
(4.25 ± 2.44 µm) can be attributed to fracture surface roughness rather 
than a dispersed phase. The two blends are not morphologically iden
tical. PLA/PHAS appears to contain a finer, more uniformly distributed 
dispersed phase, within an average domain diameter of 0.65 ± 0.19 µm, 

and a relatively narrow size distribution. PLA/PHI shows less regular 
domains, indicating that phase dispersion varies with blend composi
tion, with an average domain diameter of 1.53 ± 0.73 µm. From a 
functional perspective, this phase-separated structure is important 
because it controls the spatial distribution of crystalline and amorphous 
regions, thereby influencing thermal and viscoelastic properties. These 
quantitative results confirm the qualitative observation that PLA/PHAS 
has a finer, more uniformly distributed dispersed phase than PLA/PHI. 
The individual domain measurements for each sample are provided in 
the Supplementary Materials (Appendix 1, Tables A.2.–A.4). To com
plement the phase morphologies of the samples, we further analyze 
surface topography and phase contrast in the next section, offering 
deeper insight into phase distributions and heterogeneity.

3.4. Surface topography and phase contrast

The AFM surface topography images reveal distinct morphological 
features depending on the composition of the samples (Fig. 5). Neat PLA 
exhibits a smooth, uniform surface and a consistent phase signal, indi
cating a single-phase structure. In contrast, both blends display rougher 
surfaces with distinct topographical domains, indicating the presence of 
a dispersed second phase within the PLA matrix. These topographical 
features reveal the nanoscale structure of the blends and confirm that 
phase separation occurs after blending.

Phase-contrast imaging provides additional insight into local varia
tions in material response. Neat PLA shows a relatively uniform phase 
signal. Both blends, however, exhibit clear phase contrast, confirming 
the presence of regions with different material properties. Additionally, 
PLA/PHAS exhibits a finely distributed contrast pattern, indicating a 
regular, well-dispersed phase morphology. The phase contrast of PLA/ 
PHI is more pronounced compared to PLA/PHAS. These observations 
align with SEM findings and confirm that the phase morphology de
pends on the specific PHA derivative used. Overall, the AFM results 
support the formation of a two-phase structure in the blends. This hi
erarchical morphology is important because it reflects the internal or
ganization of the blends and helps explain the thermal and viscoelastic 

Fig. 4. SEM images of fracture surface morphology.
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behavior discussed in the following sections.

3.5. Thermal properties analysis

We analyze the thermal properties of the materials based on their 
initial heating DSC curves. Fig. 6 shows the thermograms obtained 
during the first heating cycle, allowing the identification of glass tran
sition, cold-crystallization (exotherm), and melting (endotherm) 
enthalpies.

Neat PLA pellets show a single glass transition at 55.7 ◦C, while 

printed PLA has a Tg of 55.5 ◦C, indicating that the printing process does 
not significantly alter the Tg of pure PLA. However, the degree of crys
tallinity decreases from 29% (pellets) to 27% (printed). This slight 
reduction suggests that the printing process partially disrupts the or
dered structure of PLA, likely due to rapid cooling during deposition, 
thereby reducing the time available for crystal growth. In contrast, PHA 
and PHI pellets exhibit higher degrees of crystallinity than PLA pellets. 
These differences in crystallinity could also affect the phase behavior 
and interfacial properties of the blended polymers. However, the current 
DSC data cannot determine the degree of crystallinity in the blends 
because the melting peaks of the components overlapped. The thermal 
properties obtained from the first heating cycle are presented in Table 5.

The printed PLA/PHAS and PLA/PHI blends each exhibit two distinct 
glass transitions, which correspond to the separate Tg values of the PLA 
and PHA phases. This observation confirms that both blends are 
immiscible and phase‑separated, directly supporting the AFM findings. 
Regarding crystallization, both blends exhibit lower cold-crystallization 
enthalpies than printed PLA, indicating that the PHA phase hinders PLA 

Fig. 5. Surface topography and phase-contrast images obtained by AFM.

Fig. 6. DSC curves obtained from the first heating cycle.

Table 5 
Thermal properties obtained from the first heat cycle from DSC scans.

Samples First Tg 

(◦C)
Second 
Tg (◦C)

ΔHm 

(J 
g− 1)

ΔHcc 

(J 
g− 1)

Degree of 
crystallinity (%)

PLA pellets 55.7 - 57.3 30.4 29
PHAS pellets –3.2 - 49.5 - 34
PHI pellets –2.8 - 77.6 - 53
PLA printed 55.5 - 55.7 30.5 27
PLA/PHAS 

printed
3.9 54.2 43.3 18.7 -

PLA/PHI 
printed

3.0 55.0 53.2 20.7 -
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chain mobility. Overall, the thermal analysis confirms the immiscible 
two‑phase structure in the blends. In the next section, we focus on the 
crystalline structures and lamellar sizes.

3.6. XRD peak analysis

XRD peaks reveal primarily distinct crystalline characteristics for 
neat PLA and the two PHA blends. Neat PLA exhibits a single broad halo 
at 2θ = 16.53◦ with a large FWHM (10.44◦), indicating very poor long- 
range order. Scherrer analysis gives an apparent crystallite size of 
~0.8 nm, consistent with rudimentary or mesomorphic domains 
(Fig. 7). The presence of a broad diffraction halo combined with very 
small crystallites suggests that the structure is predominantly meso
morphic rather than fully crystalline. This mesomorphic ordering usu
ally occurs during rapid cooling or thermo-mechanical processing. In 
such situations, polymer chains can partially align but do not have 
enough time to form stable lamellar crystals. Similar behavior has been 
observed for PLA processed under comparable thermal conditions [25, 
72].

In contrast, the PLA/PHI and PLA/PHAS blends exhibit multiple 
well-defined Bragg reflections. These peaks indicate a more organized 
crystalline structure than that of neat PLA. The baseline-corrected 
diffraction patterns and peak-fitting results are provided in Fig. A.1 in 
the Supplementary Materials (Appendix 1).

The two blends show hierarchical distributions of crystallite sizes, 
including small (~0.7–2 nm), intermediate (~3–8 nm), and large 
(~24–29 nm) crystallites. For PLA/PHI, crystallite sizes range from 
approximately 1.4–29.2 nm, with an average of about 7.0 nm (Table 6). 
PLA/PHAS crystallite sizes range from ~0.8–24.3 nm, with an average 
of ~6.3 nm (Table 7). The narrow, intense reflections correspond to 
well-ordered crystalline lamellae, likely originating from PLA α-form 
crystals or PHA crystalline domains. In contrast, broader reflections 
correspond to smaller or less perfect crystallites.

Peak deconvolution combined with the Scherrer equation allows 
estimation of the crystalline fraction detected by XRD. The degree of 
crystallinity is calculated as 19.3% for PLA/PHI and 16.0% for PLA/ 
PHAS. These values indicate the proportion of well-ordered crystalline 
regions within the blends. However, XRD measures only the crystalline 
fraction, excluding imperfect crystals and total crystallinity.

From a structural perspective, these crystalline regions contribute to 
the hierarchical crystalline architecture of semicrystalline polymer 
blends. In established semicrystalline SMPs, well-defined lamellar 
crystals act as fixed net points that maintain the permanent shape, while 
smaller crystallites and amorphous regions facilitate reversible 

deformation [73–75]. The hierarchical crystallinity observed in our 
PLA/PHA blends—particularly the coexistence of large (≈24–29 nm) 
and small (≈1–7 nm) crystallites—suggests a structural architecture 
that could, in principle, support shape-memory mechanisms. Overall, 
XRD results reveal clear structural differences between the blends and 
neat PLA. To assess whether these differences influence the mechanical 
properties, we subsequently performed three-point bending tests, as 
described in the following section.

3.7. Flexural properties analysis

Neat PLA exhibits typical semi‑brittle behavior, with a relatively low 
peak stress and an early drop in load‑bearing capacity. Both blends show 
a markedly stronger response, characterized by higher peak stresses and 
a more extended deformation region before failure. Representative 
flexural stress–strain curves for neat PLA, PLA/PHAS, and PLA/PHI are 
shown in Fig. 8.

We indicated the limiting conventional flexural strain (3.5%), under 
which the specimen can be considered a straight beam, with a dashed 
line. The figure shows that the stress maxima occurred at strains above 
this value. To evaluate the entire test, we used nonlinear corrections for 
calculating the stresses and strains, according to the standard (see 
2.4.7).

Neat PLA gives a flexural strength of 54.81 ± 2.97 MPa and a flex
ural modulus of 1.98 ± 0.10 GPa. The neat PLA has a peak load and 
shows the initial failure at around 3.60 ± 0.33% strain. Even though 
PLA/PHAS and PLA/PHI are also rigid plastics, they reach their 
maximum stress at significantly higher strains. The blending formula
tion successfully addressed the inherent fragility and moderate load 
capacity of neat PLA by increasing the flexural toughness. Flexural 
properties are presented in Table 8.

The PLA/PHAS blend demonstrates enhancements in all flexural 
properties compared to neat PLA. Its flexural strength increases by 
approximately 43%, and its flexural strain at peak load is 1.6 times 
greater. Additionally, its flexural modulus increases by around 18%. 
Consequently, the PLA/PHAS blend effectively combines reinforcement Fig. 7. X-ray diffraction patterns of neat PLA and the blends.

Table 6 
Apparent crystallite size calculations for PLA/PHI.

Peak position 
(2θ)

FWHM 
(β)

Apparent crystallite Size 
(nm)

Possible crystal plane

13.93 5.92 1.4 (110) or PHA-related
16.70 1.56 5.1 (110)/(200) of PLA 

α-form
20.11 4.25 1.9 (203) or (015) of PLA
25.34 5.20 1.6 Higher order 

reflection
26.82 0.28 29.2 Larger crystallite 

phase
30.80 2.74 3.0 Higher order 

reflection

Table 7 
Apparent crystallite size calculations for PLA/PHAS.

Peak position 
(2θ)

FWHM 
(β)

Apparent crystallite Size 
(nm)

Possible crystal plane

14.57 10.71 0.8 (110) or PHA-related
16.51 1.04 7.7 (110)/(200) of PLA 

α-form
21.33 5.33 1.5 (203) or (015) of PLA
25.37 0.34 24.3 Larger crystallite 

phase
26.80 3.06 2.7 Higher order 

reflection
30.83 8.26 1.0 Higher order 

reflection
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with increased toughness. Conversely, the PLA/PHI blend exhibits even 
more significant modifications. Compared with neat PLA, it shows a 
50% increase in flexural strength and a 35% increase in flexural 
modulus. Despite its high stiffness, its strain at peak load still shows a 
major improvement, increasing by more than a third compared to neat 
PLA. The blends' flexural toughness increases by 120–125% compared to 
neat PLA, indicating a significant enhancement in energy adsorption.

Comparing the two blends, PLA/PHI demonstrates load-bearing ca
pacity. PLA/PHI's maximum flexural strength is 5% higher than that of 
PLA/PHAS, and its modulus is 15% greater. These variations in flexural 
behavior suggest that the blends may exhibit different time-dependent 
deformation under sustained load, as considered in the next section.

3.8. Viscoelastic behavior: experimental observations and model 
validation

We characterized the viscoelastic response of the PLA/PHA blends 
using a finite-element model in ANSYS Workbench. A Prony-series 
representation (generalized Maxwell model) describes time-dependent 
behavior. We obtained Prony parameters by fitting the experimental 
creep modulus-versus-time curves using least squares. Four Prony terms 
offer a practical balance between fitting stability and simulation 
accuracy.

To exploit test symmetry, we modeled a half-geometry of the three- 
point bending specimen. We halved the applied force accordingly and 
solve the problem in 2D under a plane-stress assumption. Fig. 9 shows 
the resulting finite-element mesh and boundary conditions. The part was 
meshed with second-order (8-node) quad elements (Plane 183 in ANSYS 
Workbench). This element type allows excellent solution accuracy for 
2D simulations. The FE mesh consisted of 2960 elements and 9217 
nodes, providing sufficient density for an accurate solution.

The FE simulations successfully reproduce the expected three-point 
bending kinematics. Maximum deflection occurs at midspan, with 
displacement decreasing smoothly toward the supports. Fig. 10 shows a 
representative deformed shape for a PLA–PHA specimen at 25 ◦C (dis
placements scaled ×10 for visibility). The absence of false numerical 
artifacts confirms that the model correctly captures bending mechanics.

We validated the model by directly comparing simulated and 
experimental loading nose displacement versus time curves for PLA/ 
PHAS (Fig. 11) and PLA/PHI (Fig. 12). The model accurately predicts 
the experimental response for small deformations and at temperatures 
well below Tg. Specifically, accurate predictions hold up to ~40 ◦C for 
PLA/PHAS and up to ~45 ◦C for PLA/PHI. Above these temperatures, 
however, the measured displacements are noticeably larger than the 
predictions of the model. At about 45–50 ◦C, the materials enter their 
glass transition region. Molecular mobility increases sharply in this 
range, producing time-dependent, nonlinear deformations. This 
behavior suggests that the applied load no longer falls within the linear 
viscoelastic region under these conditions. Near Tg, even moderate 
stresses (such as 2 MPa) can induce a nonlinear response [66]. As a 
result, the linear Prony model, parameterized from sub-Tg data, cannot 
capture this behavior. This discrepancy has a clear physical basis. Below 
Tg, the polymer behaves as a glass, with highly constrained chain motion 
and deformation dominated by bond stretching and small-scale re
laxations. In this regime, linear viscoelasticity and the generalized 
Maxwell model provide an accurate description. Near and above Tg, 
however, cooperative segmental motion becomes significant. 
Large-scale chain rearrangements occur, leading to nonlinear, 
temperature-dependent creep and recovery. Because the Prony param
eters are derived from sub-Tg data, the model underestimates the 
amplified displacements observed during and after the transition.

Fig. 13 shows the measured and simulated creep modulus time 
curves for the PLA/PHAS grade Fig. 14 for the PLA/PHI grade. Curve 

Fig. 8. Flexural stress–strain curves from three‑point bending tests (n = 5 per 
material). Different shades of the same color represent individual test speci
mens. The vertical dashed line at 3.5% strain indicates the boundary between 
the small- and large-deformation regimes, where nonlinear geometric correc
tions were applied.

Table 8 
Flexural properties of PLA, PLA/PHAS, and PLA/PHI blends with standard 
deviations.

Specimens Flexural 
strength 
(MPa)

Flexural strain at 
maximum flexural 
stress (%)

Flexural 
modulus 
(GPa)

Flexural 
toughness 
(MJ/m3)

PLA 54.81 
± 2.97

3.60 ± 0.33 1.98 ± 0.10 2.00 ± 0.60

PLA/ 
PHAS

78.22 
± 1.71

5.73 ± 0.51 2.33 ± 0.11 4.45 ± 0.13

PLA/PHI 82.14 
± 2.05

4.91 ± 0.13 2.68 ± 0.07 4.49 ± 0.07

Fig. 9. The FE simulation model.
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Fig. 10. The vertical (Y-directional) deformation of the PLA-PHA specimen at 25 ◦C. The deformations are scaled up by a factor of 10.

Fig. 11. The comparison of the clamp displacement measured during the testing of the PLA/PHAS specimen at various temperatures.

Fig. 12. The comparison of the clamp displacement measured during the testing of the PLA/PHI specimen at various temperatures.

Fig. 13. The measured a) and the simulated b) creep modulus – time curves at various temperatures for the PLA/PHAS specimen.
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fitting in the FE model was performed with the use of the least squares 
method, based on the measurements.

The numerical comparison of the measured and the simulated 
loading nose displacements is shown in Table 9. The displacements were 
extracted at 25 min because a slight numerical transient occurs at 
30 min due to the sudden unloading of the structure. The comparison 
shows that the modeling method accurately reproduced the measured 
results.

A Comparison of the two blends reveals an application-relevant 
difference. PLA/PHI exhibits more accurate, predictable creep 
behavior at higher temperatures (~45 ◦C) than PLA/PHAS (~40 ◦C). 
This greater dimensional stability at temperatures approaching physio
logical conditions (37 ◦C) agrees with the XRD results. The PHI blend 
exhibits a more developed, coherent crystalline network. Such ordered 
domains physically constrain amorphous chains and delay the onset of 
large-scale molecular mobility. Thus, the composition-dependent ther
momechanical stability observed in creep tests directly links to the 
crystalline architecture revealed by XRD.

In summary, FE plus the Prony-series approach reliably models 
linear viscoelastic bending behavior. It is suitable for predicting 
dimensional stability under load at temperatures below Tg. To accu
rately predict behavior through and above Tg, the model requires 
extension. Potential improvements include integrating nonlinear visco
elasticity with temperature-dependent relaxation spectra and continu
ously recalibrating the model to improve accuracy. Such approaches 
become necessary when actuated or recovery cycles are designed that 
track glass transition.

4. Conclusions

In this study, we demonstrated that blending PLA with semi‑crys
talline PHAS or PHI (30 wt%) yielded FFF 3D‑printable filaments with 
distinct morphological, thermal, and viscoelastic properties. Both blends 
exhibited higher melt elasticity and greater temperature sensitivity than 
neat PLA. PLA/PHAS showed the lowest viscosity at 220 ◦C and the 
strongest temperature-dependent viscosity change. SEM and AFM 
confirmed a heterogeneous two-phase morphology in both blends. PLA/ 

PHAS exhibited finer and more uniformly dispersed PHA domains than 
PLA/PHI.DSC revealed two glass transitions and reduced PLA cold 
crystallization, confirming immiscibility in PLA and restricted chain 
mobility.

XRD analysis showed that neat PLA printed under identical condi
tions formed only mesomorphic domains (crystallite size ~0.8 nm). In 
contrast, PLA/PHAS and PLA/PHI developed hierarchical crystalline 
structures containing large crystallites of 24.3 nm and 29.2 nm, 
respectively, alongside smaller crystallites averaging ~6–7 nm. As with 
all estimates based on Scherrer’s method, these values should be 
regarded as semi-quantitative (apparent crystallite sizes). This is 
because the Scherrer equation estimates domain sizes from peak 
broadening, which may arise from multiple microstructural factors 
beyond crystallite size alone. Consequently, we presented these values 
as relative markers of structural trends rather than absolute measure
ments. The degree of crystallinity from XRD was 16.0% for PLA/PHAS 
and 19.3% for PLA/PHI. These well‑ordered crystallites served as 
structural domains that contributed to stiffness and dimensional stabil
ity. Flexural characterization confirmed these structural improvements, 
showing that both blend formulations successfully addressed the limited 
flexibility and moderate strength of the neat PLA. Notably, while neat 
PLA failed at the start of the large-deformation stage, both blends 
extended beyond the 3.5% strain limit without cracking, reaching their 
maximum load capacity deep in the non-linear region. The resulting 
mechanical profiles revealed a clear trade-off: the PLA/PHI system 
provided enhanced rigidity and structural stiffness, while the PLA/PHAS 
blend maintained a significant advantage in peak flexibility. The Prony- 
series finite element model accurately predicted linear viscoelastic 
behavior below the glass-transition region. The model remained reliable 
up to approximately 40 ◦C for PLA/PHAS and 45 ◦C for PLA/PHI.

Overall, the results demonstrate that the incorporation of PHA en
ables control of crystalline structure and viscoelastic response in PLA- 
based materials. Based on their morphology, thermal properties, and 
hierarchical crystallinity, the blends are promising candidates for a 
further study of thermomechanical behavior. However, direct experi
mental validation—specifically, the measurement of shape fixity and 
recovery ratios through thermomechanical cycling—is necessary to 
confirm this perspective. Future research will examine various PLA/PHA 
blend ratios to establish clear quantitative relationships between 
composition, structure, and properties. Future work will also include 
thermomechanical cycling and direct evaluation of shape recovery and 
fixity. Furthermore, integrating nanofiber mats into the blend will be 
investigated as a strategy to further enhance mechanical performance 
and thermal response.
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PHI
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35 186 127 187 122 − 0.6 3.9
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[8] S. Başkır, A.O. Cankaya, E. Tekay, B. Erenay, B. Garipcan, Ö. Kocatürk, Shape 
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and D-lactide content on the mechanical and morphological behavior of polylactic 
acid, Heliyon 9 (4) (2023), https://doi.org/10.1016/j.heliyon.2023.e14674.

[19] L.P. Nori, S. Manikiran, An outlook on regulatory aspects of 3D printing in 
pharmaceutical and medical sectors, Curr. Trends Pharm. Pharm. Chem. 4 (3) 
(2022) 98–108, https://doi.org/10.18231/j.ctppc.2022.017.

[20] G. Narayanan, V.N. Vernekar, E.L. Kuyinu, C.T. Laurencin, Poly (lactic acid)-based 
biomaterials for orthopaedic regenerative engineering, Adv. Drug. Deliv. Rev. 107 
(2016) 247–276, https://doi.org/10.1016/j.addr.2016.04.015.

[21] S. Farah, D.G. Anderson, R. Langer, Physical and mechanical properties of PLA, and 
their functions in widespread applications — a comprehensive review, Adv. Drug. 
Deliv. Rev. 107 (2016) 367–392, https://doi.org/10.1016/j.addr.2016.06.012.

[22] J. Sringam, T. Kajornprai, T. Trongsatitkul, N. Suppakarn, Shape memory 
performance and microstructural evolution in PLA/PEG blends: role of plasticizer 
content and molecular weight, Polymers 17 (2) (2025) 225, https://doi.org/ 
10.3390/polym17020225.

[23] A. Ghaznavi Youvalari, J. Alizadeh Kaklar, M. Mohamadi, Investigation of 
mechanical properties in PLA, ABS and epoxy resin parts fabricated by 3D printing 
technology, Sci. Rep. 15 (1) (2025) 27777, https://doi.org/10.1038/s41598-025- 
13866-8.

[24] Z. Ye, P. Hou, L. Zhang, Preparation and characterization of PLA/TPU/HA 
enhanced shape memory blends, Mater. Today Commun. 47 (2025) 113023, 
https://doi.org/10.1016/j.mtcomm.2025.113023.

[25] K.K. Abdullah, K. Molnár, Enhancing crystallinity of electrospun polylactic acid 
fibers: insights into formation mechanisms and property modulation–a review, 
Macromol. Mater. Eng. 311 (2026) e00368, https://doi.org/10.1002/ 
mame.202500368.

[26] S.K. Leist, D. Gao, R. Chiou, J. Zhou, Investigating the shape memory properties of 
4D printed polylactic acid (PLA) and the concept of 4D printing onto nylon fabrics 
for the creation of smart textiles, Virtual Phys. Prototyp. 12 (4) (2017) 290–300, 
https://doi.org/10.1080/17452759.2017.1341815.

[27] Z. Liu, Y. Li, S. Ma, C. Liu, Y. Zhang, X. Lu, Z. Lin, Y. Liang, Near-infrared light- 
driven programmable shape memory polymer for self-shaping 3D printing 
methods, Virtual Phys. Prototyp. 19 (1) (2024) e2422384, https://doi.org/ 
10.1080/17452759.2024.2422384.

[28] D. Nie, X. Yin, Z. Cai, J. Wang, Effect of crystallization on shape memory effect of 
poly(lactic acid), Polymers 14 (8) (2022) 1569, https://doi.org/10.3390/ 
polym14081569.

[29] B. Cecen, FDM-based 3D printing of PLA/PHA composite polymers, Chem. Pap. 77 
(8) (2023) 4379–4386, https://doi.org/10.1007/s11696-023-02786-4.

[30] S. Cai, Y.-C. Sun, J. Ren, H.E. Naguib, Toward the low actuation temperature of 
flexible shape memory polymer composites with room temperature deformability 
via induced plasticizing effect, J. Mater. Chem. B 5 (44) (2017) 8845–8853, 
https://doi.org/10.1039/C7TB02068F.
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