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The environmental degradation of biodegradable polyester parts prepared via fused filament fabrication
(FFF) from poly(butylene succinate) (PBS)/poly(lactic acid) (PLA) and PBS/poly(hydroxybutyrate) (PHB)
blends (5/5 and 7/3 w/w) was systematically studied in static artificial seawater over six months. In
contrast to typical thin-film degradation studies, bulk specimens provide realistic insights into the
degradation behavior of thicker polymer products encountered in practical marine applications. 3D-
printed dumbbell specimens fabricated with concentric and rectilinear infill patterns were investigated to
tackle this issue and respond to emerging additive manufacturing trends. Changes in mechanical
performance were significant, with the PBS/PHB (5/5) blend showing a pronounced 3.3-fold reduction in
ultimate strength and a 2.5-fold reduction in elastic modulus. A three-stage sorption model was applied,
quantifying water diffusion, hydrolytic degradation, and leaching of polymer components. Morphological
examinations using scanning electron microscopy and energy-dispersive X-ray spectroscopy revealed
crystalline salt deposits forming preferentially at interlayer interfaces, contributing to accelerated
structural deterioration. Differential scanning calorimetry further showed shifts in crystallization
temperature and crystallinity, underscoring alterations in polymer structure due to degradation. These
results demonstrate that bulk part dimensions and 3D printing parameters critically influence degradation
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DOI: 10.1039/d55u00275¢ pathways, emphasizing the necessity of bulk-scale studies to predict real-world degradation behavior in
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Sustainability spotlight

This research systematically investigates the environmental durability and degradation behavior of bulk-scale 3D-printed parts fabricated from biodegradable
polyester blends (PBS/PLA and PBS/PHB) via fused filament fabrication (FFF) exposed to artificial seawater, directly addressing sustainability concerns related to
conventional non-biodegradable polymers widely used in additive manufacturing. Moving beyond typical thin-film experiments to bulk-scale printed specimens, the
study accurately captures complex, real-world degradation phenomena relevant to marine applications. Results revealed significant mechanical performance
deterioration, particularly pronounced in PBS/PHB printed parts, due to hydrolytic degradation processes accelerated by printing-induced interlayer defects and
subsequent crystalline salt deposition. A quantitative three-stage sorption model provided deeper insights into the individual contributions of water diffusion,
polymer hydrolysis, and leaching mechanisms, essential for reliably predicting long-term environmental performance of bio-based polyesters.

1 Introduction simplicity, affordability, and versatility, raises increasing

concerns regarding the environmental impacts of the predom-
The rapid growth of fused filament fabrication (FFF), a popular inantly non-biodegradable polymers commonly used.*” The
additive manufacturing (AM) technology known for its expanding use of 3D printing generates considerable plastic

waste, highlighting an urgent need for sustainable and envi-

ronmentally friendly alternatives.* Biodegradable polyesters
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properties, potentially improving mechanical durability and
performance.”* Yet, understanding their long-term behavior
under marine conditions remains limited. Typically, biode-
gradable polyesters are expected to degrade through hydrolytic
mechanisms, with mechanical properties diminishing as poly-
mer chains undergo cleavage and low-molecular-weight
components leach out.* Clarifying the degradation behaviour
of these blended polymers in marine conditions is crucial to
advancing their application in conventional processing and
additive manufacturing.*®

PLA is a fully bio-based aliphatic thermoplastic polyester
that can be used to enhance the resilience of polymer
blends."*"” The widespread adoption of PLA in FFF is attributed
to its advantageous properties, such as exceptional processing
capabilities, tensile strength, elastic modulus, and barrier
properties.'®'® However, PLA's utility is somewhat constrained
by its inherent brittleness and low heat resistance.** Because
PLA hydrolyses slowly under natural conditions, manufacturers
usually certify it only for industrial composting, even though the
wider public regards the polymer as generally biodegrad-
able.*** This sensitivity adversely affects several critical
parameters, such as molecular weight, glass transition
temperature (Ty), melting temperature (Ty,), and crystallinity
(xc)-* Polyhydroxyalkanoates (PHA) are a class of aliphatic
polyesters synthesized by microorganisms during fermenta-
tion.**® Among this group, PHB is notable for its biodegrad-
ability in marine environments, while its thermo-mechanical
properties are relatively similar to PLA.>® PBS was developed as
a biodegradable alternative to conventional plastics such as
polyethylene (PE) and polypropylene (PP). Characterized by its
high ductility and relatively low melting point, PBS is an
attractive material for enhancing blend properties.>”**

Deroiné et al. reported that PLA's molecular weight does not
change significantly after six months of immersion in
seawater.” Similarly, Bagheri et al. conducted an experiment
where PLA films were submerged in artificial seawater at
ambient temperature and exposed to fluorescent light for
a year.*® Their findings indicated no notable weight loss in the
PLA films. Sawpan et al. observed that neat PLA's crystallization
increased by 50% due to accelerated weathering.** Sashiwa et al.
emphasized PHB's superior biodegradability in seawater
compared to other polymers.*” They found that PHB exhibits
higher water absorption rates than PLA, resulting in significant
mass loss after 56 days, whereas PLA's mass loss remained
unchanged after three weeks of water immersion. Limited
research suggests that PBS exhibits poor degradation capabil-
ities in marine environments.*>*** As a ductile polymer, PBS can
enhance blends' toughness and elongation properties,
addressing the limitations of brittle, glassy polymers like PHA
or PHB.*** Wang et al. demonstrated that PLA/PBS blends
improve the ductility of PLA.*® Righetti et al. concluded that
adding PBS or PBSA to PHB enhances the flexibility and stiff-
ness of the blends.* Additionally, it has been reported that
amorphous polymers tend to absorb more water than semi-
crystalline polymers like PBS and PHB.***

Reports on the durability and long-term performance of
biopolyesters remain scarce, with the literature frequently
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noting that aliphatic polyesters are particularly susceptible to
hydrolysis. Brzeska et al. investigated the chemical and enzy-
matic hydrolysis of polyurethane/PLA blends, observing that the
presence of PLA accelerated the degradation of the blend in
both hydrolytic and enzymatic environments.** Zubir et al
examined the effects of additives on water absorption and
plasticization in PLA/polyhydroxybutyrate-valerate (PHBV)
blends.* In contrast, some studies have focused on assessing
the mechanical properties of 3D-printed products, conducting
experiments to validate their potential applications.**™*” To the
author's knowledge, only a few studies have been conducted on
the durability of 3D-printed parts made from biopolyesters and
their blends.*®

Another significant limitation is that most biodegradable
polyester degradation studies are conducted on thin polymer
films, which fail to fully capture practical application scenarios
due to their constrained thickness and simplified geometry.
Bulk-scale parts offer more realistic scenarios, but their long-
term degradation behaviors remain poorly understood. This
study addresses this critical gap by investigating the environ-
mental degradation of bulk-scale parts produced via fused
filament fabrication (FFF) from PBS/PLA and PBS/PHB blends. A
quantitative three-stage sorption model is applied to describe
the complex water uptake behavior, clearly distinguishing the
contributions of diffusion, hydrolysis, and leaching processes.
The research examines explicitly how polymer blend composi-
tion and infill orientation influence long-term mechanical
performance, water absorption, degradation, and morpholog-
ical changes in artificial seawater. Results provide essential
insights to better predict the practical environmental perfor-
mance of biodegradable polyester blends used in marine
applications.

2 Experimental section

2.1. Materials

Polybutylene succinate (PBS) is produced by PTT MCC Biochem
Company Limited with grade FZ71PB® and trademark Bio-
PBS™. It is made from succinic acid and is 50% bio-based and
compostable, and its suggested applications include injection
molding, lamination, and film blowing. PBS's melt flow index is
22 g/10 min (2.16 kg at 190 °C), density is 1.26 g cm >, and
inherent melting point is 115 °C. PLA, produced by Nature-
Works LLC with trademark Ingeo™ and grade 6201D, is 100%
bio-based, and it is suggested to apply it for the preparation of
fibers. PLA's melt flow index is 15-30 g/10 min (210 °C, ASTM
D1238), density is 1.24 g em ™%, and melting temperature is 170 ©
C. Poly-B-hydroxybutyrate (PHB) is produced by PHAradox with
grade ENMAT Y3000P. It is made from 3-hydroxybutanoic acid
from Cupriavidus necator fermentation of p-glucose and is 100%
bio-based, and its suggested applications include extrusion,
film blowing, thermoforming, and injection molding. PHB's
melt flow index is 10-25 g/10 min (2.16 kg at 190 °C), density is
1.25 ¢ em 3, and melting temperature is 175-180 °C. Carbodi-
lite® HMV-15CA (CDI) was granted from Nisshinbo Chemical
Inc. and used as a thermal processing additive. Sodium chloride
(NaCl), sodium sulfate (Na,SO,), sodium bicarbonate

© 2025 The Author(s). Published by the Royal Society of Chemistry
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Table 1 Compositions of samples

Sample PBS, wt% PHB, wt% PLA, wt% CDI, wt%
S5B5 49.9 49.9 — 0.2
S7B3 69.9 29.9 — 0.2
S5L5 49.9 — 49.9 0.2
S7L3 69.9 — 29.9 0.2

(NaHCO3), potassium bromide (KBr), boric acid (H;BO;), and
sodium fluoride (NaF) were purchased from Merck KGaA
(Darmstadt, Germany).

2.2. Polymer blends and 3D printing filament processing

Biodegradable binary blends from PBS/PHB and PBS/PLA were
prepared at a ratio of 7/3 and 5/5. CDI acted as chain extender to
control molecular weight and viscosity. The PBS/PHB and PBS/
PLA blends are defined in Table 1. The authors' previous study
fully presents the information on melt blending.* Briefly,
according to the manufacturing recommendations, PBS, PHB,
and PLA polymer granules were dried in a vacuum furnace (60 °C,
8 hours). The polymer blend compositions were compounded in
twin-screw extruder Thermo Electron PRISM TSE 16 TC at barrel
temperatures 190 °C (feeding zone), 185 °C, 180 °C, 175 °C, and
175 °C (die) and screw speed 30 rpm. Then, they were pelletized
with Thermo Electron PRISM VARICUT 1 to a length of 2 mm and
stored in sealed plastic bags. Pellets were used to produce fila-
ments of a diameter 1.75 4 0.05 mm by a 3Devo filament extruder
with temperature distribution of 185 °C, 180 °C, 175 °C, and 175 °
C and a screw rotation speed of 30 rpm.

2.3. 3D modeling and printing

3D models were designed using CAD software (SolidWorks).
The samples, according to ISO 527-20212 standards, were

11.0 lilm/y
Horizontal

80.0 mm

Fig. 1 Model of 3D printed dumbbell shape sample.
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printed using Mass Portal Pharaoh ED Desktop 3D Printer with
a nozzle diameter of 0.40 mm, printing speed of 40 mm s,
extrusion multiplier of 1.25 + 0.1, a printing line width of
0.50 mm and a layer height of 0.20 mm. The 3D printing process
was as follows: firstly, the desired CAD model was created and
saved in STL format. The 3D model was then sliced using the
Simplify3D program with the desired printing properties, such
as layer orientation. Then, the created G-code was loaded into
the 3D printer, and the model was printed using the desired
material. The samples were printed at 185 °C with the printing
bed temperature set to 20 °C. Dumbbell-shaped samples with
dimensions of 80 mm x 11 mm X 0.6 mm (Fig. 1) were printed
with two types of infill directions (along the length of sample -
vertical (V) and perpendicular - horizontal (H)). The infill type of
horizontal prints was set to rectilinear, while it was set to
concentric for vertical prints. The internal and external infill
angle offsets were the same for vertical and horizontal prints
and equal to 90°.

Some of the non-blended polymers did not produce print-
able filaments; therefore, compression molding was chosen to
provide reference values for the blends and their mechanical
properties and to assess the impact of 3D printing. Films with
a thickness of 0.45 mm were prepared with the compression
molding technique using Carver CH 4386 and used for tensile
and absorption measurements. The temperature for hot plates
was set at 185 °C. The samples were preheated for 2 min,
compressed for 2 min, and cooled for 3 min between steel plates
of 30 kg of thermal conductive mass.

2.4. Testing methods

The hydrodensitometry method was used to determine the
density of samples. Measurements were done using Sartorius
KB BA 100 electronic scales equipped with a Sartorius YDK 01
hydrostatic density measurement kit in air and ethanol. Ten

Vertical

5.0 mm

%.6 mm
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replicates of each sample were used for measurements. The
density of the blends was calculated using the following eqn (1):
p= M, (PEioH — Pair) . 1)
pwater(ma - ms)
where is the pgon density of ethanol (p = 0.80500 g cm ™ 3); p,i; is
the density of the air (p = 0.00120 g cm >); pyater is the density of
the water (p = 0.99983 g cm™); m, is the sample's mass in the
air and my is the submerged sample's mass in ethanol. The
ethanol density was measured using an aerometer.

Field emission scanning electron microscope (FESEM) FEI
Nova NanoSEM650 (Eindhoven, The Netherlands) equipped
with an energy dispersive X-ray (EDX) analysis detector EDAX™
(Pleasanton, CA, USA) was used to perform measurements.
Fractured sample cross-section surfaces were prepared through
immersion in liquid nitrogen and were mounted on electrically
conductive double-sided carbon tape for imaging. An accelera-
tion voltage of 10 kV was used for image generation.

Water absorption was monitored via gravimetric measure-
ments. To simulate the marine environment, samples were
immersed in artificial seawater (AW) at ambient temperature (T
= 21 +£ 2 °C). Artificial seawater was prepared using the NaCl
24.53 g L', Na,S0, 4.09 ¢ L', NaHCO; 0.20 ¢ L', KBr 0.10 g
L', H3;BO; 0.03 g L', and NaF 0.03 g L™ " salts. Weight changes
of samples were measured using analytical scales Precisa
XT220A + 0.0001 g, and the relative weight change (w, %) was
determined by the following eqn (2):***

M =0 o 100% )
my

w =

where m, is the weight of the wet sample at time ¢, and m, is the
weight of the dry sample. Weight changes were measured for
three replicate samples for each composition. Before weighing,
the surface of the samples was blotted using tissue paper. The
duration of water immersion tests was six months. Water
absorption by neat PBS, PLA and PHB polymers was studied on
film samples produced by compression molding using a Carver
4386 hydraulic press at 180 °C with a thickness of 0.45 mm. To
remove water absorbed during sample processing, samples
were dried in a thermostat at 50 °C for three days until their
weight was stabilized.

Spectra were recorded using a Fourier Transform Infrared
Spectrometer (FTIR) Nicolet 6700 (Thermo Scientific, Waltham,
Germany) with an attuned total reflectance sampling method
(FTIR-ATR). Spectra of 3D printed samples were collected at
a resolution of 4 cm™" in the region of 4000-600 cm ™', with
sixteen runs for every sample transformed into the average
spectrum with a measurement error below 1%.

Thermogravimetric analysis (TGA) was performed on a Met-
tler Toledo TG50 instrument, according to the ASTM D3850
standard. The measurements were made in an air environment
at 10 °C min " from 25 °C to 600 °C. Materials thermal stability
was evaluated from the weight loss heating curves.

Differential Scanning Calorimetry (DSC) was performed
using a DSC-1 (Mettler Toledo) analyzer. The measurements
were made under a nitrogen atmosphere, from 0 °C to 220 °C.
The heating and cooling rate was 10 °C min~ ", and the average

4052 | RSC Sustainability, 2025, 3, 4049-4066

View Article Online

Paper

weight of samples was approximately 10 mg. The crystallinity of
the PBS and PHB components in the PBS/PHB and PBS/PLA
blends was calculated from their melting peak using eqn (3):°**

AH, 3)

Xm = AH? X wr

while PLA crystallinity from the DSC melting scans was calcu-
lated using the eqn (4):**

 AH, — AH,
Xm = TNHO % wp

(4)

where wy is the weight fraction of PBS, PHB, or PLA in a sample,
AH,, is the experimental melting enthalpy (J g~ ') of a polymer in
the blend, AH. is the experimental cold-crystallization
enthalpy, and AHY, is the melting enthalpy for the 100% crys-
talline polymer. The value of AHpgg is 200.0J g 1,35 AHD, 4 is 93.7
J g 1% and AHDyg is 146.0 J g%

Tensile tests were carried out on a Tinius Olsen model 25ST
(Horsham, PA, USA) universal testing machine with a 5 kN load
cell. The test methodology was under ISO 527. The step-wise
tensile tests determined Young's 0.2-0.5% modulus with a 1
mm min~" crosshead speed. Then, the crosshead speed was
increased to 5 mm min ' (3-100%) and 15 mm min "
(>100%).°*** The 3D-printed dumbbell specimen models are
visible in Fig. 1. Three replicate samples were tested for each
composition, printing direction, and immersion/aging time
(two weeks, one month, and six months). Aged samples were
tested within five minutes after their removal from the artificial
seawater. PBS, PHB, and PLA films used for tensile tests were
cut into rectangle strips of 10 mm in width and about 60 mm
long. The gauge length between the grips was 40 mm.

3 Results and discussions

3.1. Morphology

Firstly, the structural characteristics of the printed specimens
after removal from a simulated artificial seawater environment
were examined using SEM. In comparison, the morphology of
PBS/PHB and PBS/PLA samples before and after aging is
summarized in Fig. 2. The unique characteristics of FFF prod-
ucts include increased voids between layers and a rougher
surface texture. These defects can be attributed to PBS's high
melt-flow rate, which introduces defects during polymer melt
deposition, allowing the lines to separate more easily.* This
finding highlights the critical influence of initial surface finish
and print quality. Specifically, over-extrusion was also found to
cover junction sites between layers, locations susceptible to
stress concentrations, thereby facilitating crack formation
(Fig. 2). Similar results were also reported in the literature,
where increased air void content and void size in the printed
structure led to the reduction of the strength of interlayers.®**

Water infiltrates through gaps and cracks, leading to the
material's swelling and initiating hydrolytic degradation of the
material. Similar observations are reported, considering that
the hydrolytic degradation of PLA 3D-printed samples occurs
primarily within the bulk rather than on the material
surface.®*** Our previous research has also highlighted that

© 2025 The Author(s). Published by the Royal Society of Chemistry
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Fig.2 SEMimages of the surface morphology of PBS/PHB and PBS/PLA 3D-printed reference samples before aging (solid line) and samples after

six months of aging in artificial seawater (dashed line).

vertically printed samples exhibit line defects and cavities due
to gaps between printing lines.* Conversely, horizontally prin-
ted samples displayed signs of over-extrusion on their surfaces.
After six months of water exposure, vertically printed specimens
reveal noticeable voids and gaps between adjacent extrusion
lines.** Moreover, vertically printed parts of PBS-rich blends
become slightly visually rougher over immersion time due to
possible surface erosion.® In contrast, among horizontal prints,
only samples printed from PBS/PLA blends showed noticeable
surface structure changes. However, it was a static seawater test,
meaning the samples were not exposed to flowing water or
physical abrasion conditions that typically drive surface-
intensive erosion and formation of microplastics.*®

Micrographs in Fig. 3 illustrate the cross-sectional
morphology of PBS/PLA and PBS/PHB samples after a six
months immersion period. PBS/PHB dumbbells exhibited
rougher cross-sectional surfaces, while S5B5 vertical and hori-
zontal samples displayed regions of clear phase separation
between the polymers. In general, the images reveal that the
sample cross-sections appear homogeneous, consistent with
the density values measured before and after aging in artificial
seawater, as shown in Table S1.7

Blends have two distinct morphologies, which originate
from blend ratios. A 7/3 ratio yields typical matrix/droplet
morphology, while a 5/5 ratio yields a co-continuous phase

© 2025 The Author(s). Published by the Royal Society of Chemistry

structure. Samples S7B3 and S7L3 showed some pull-out voids
due to the dispersed particle morphology of the blends.
Furthermore, at higher magnification, Fig. 3 highlights the
growth of inorganic salt crystals at the layer junctions, appear-
ing as numerous small, regularly shaped crystallites.
Energy-dispersive X-ray spectroscopy (EDX) measurements
(Fig. 3) confirmed the formation of regularly shaped crystalline
inclusions across the respective areas. EDX analysis revealed
that the inclusions primarily consist of K and Cl, with the
normalized atomic percentages closely matching those of KCl
salt crystals. Other detected elements, such as Na, Br, and Ca,
were present in minor quantities. These findings align well with
the chemical composition of the artificial seawater used in the
study. It has been reported that chemical elements in seawater
can promote the degradation of macromolecular chains,
specifically through hydrolytic scission of polymer chains. The
hydrolysis process can directly and negatively impact the
thermal and mechanical properties of polymer materials.*”
Several external factors, including chemical reactivity, salt
concentration, pH, solvent and polymer molecular mobility,
water diffusion rate, and other conditions influence the
hydrolysis process. Studies have shown that the hydrolysis of
polyesters occurs more rapidly in alkaline solutions compared
to acidic ones, leading to an accelerated degradation rate.*®*
Consequently, the hydrolytic scission of biopolyester chains is

RSC Sustainability, 2025, 3, 4049-4066 | 4053
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EDS Spots Ssol
Reference Spot Spot 1 Spot 2 Spot 3
Element | Normalized at.% Element | Normalized at.% Element | Normalized at.% Element | Normalized at.%

C 75.5 Na 5.9 Na 3.7 Na 1.4
[0} 24.5 Cl 43.7 Cl 46.1 Br 5.4

K 46.1 K 48.5 Cl 46.1

Ca 4.3 Ca 1.7 K 46.4

Ca 0.7

Fig.3 SEMimages of the cross-sectional morphology of 3D-printed PBS/PHB and PBS/PLA samples, produced by liquid nitrogen fracture, after
aging in artificial seawater for six months. S7L3 reveals salt crystals deposited on its surface after six months’ immersion in artificial seawater. The
EDX table shows the normalized elemental compositions of these crystals at analysis sites spot 1, spot 2, and spot 3.

strongly amplified in the presence of dissolved inorganic salts
in aquatic environments. Table S2f shows that the immersion
solution remained alkaline, with a pH range of 8.0-8.5,
throughout the six months experiment. In 3D-printed samples,
structural defects such as air voids and cracks - arising from
differences in printing direction and infill patterns - can
markedly increase the rate of hydrolytic degradation.

3.2. Water absorption

The weight gain curves of the 3D-printed neat polymer samples
aged in artificial seawater are shown in Fig. 4. During the initial
stages of water absorption, PBS, PLA, and PHB samples
exhibited similar behavior, characterized by a rapid increase in
weight followed by stabilization. All samples reached apparent
saturation within two weeks (approximately v/z = 18 h'/2) of
immersion in seawater. The water absorption (or weight gain) of
the samples is driven by the diffusion mechanism, referred to as
Fickian diffusion, which is described by the following eqn

(5):51,70,71
wa(t) = Wyeo {l - exp( -73 (%) 075)] (5)

where Wq. is the equilibrium “Fickian” water content, D is the
diffusion coefficient, and a is the thickness of the sample. The
initial water content of samples at ¢ = 0 is assumed to be zero.
The corresponding values for the apparent Fickian water
equilibrium wq .. were determined to be 0.83% =+ 0.15%, 0.77%
+ 0.08%, and 0.6% =+ 0.09% for PBS, PHB, and PLA, respec-
tively. The diffusion coefficients of neat polymers were defined
by fitting the weight gain curves (Fig. 4), and their values are D =
0.072 mm? h™*, 0.009 mm? h™%, and 0.015 mm? h™* for PBS,

4054 | RSC Sustainability, 2025, 3, 4049-4066

PHB, and PLA, respectively. However, with prolonged exposure
to seawater, deviations from the equilibrium state became
evident in the PHB and PBS samples. Notably, opposite trends
were observed for the neat polymers PBS and PHB: a decrease in
weight for PBS and an increase in weight for PHB.

It is known that water absorption in biopolyesters such as
PBS and PHB can lead to a polymer chain hydrolysis process,
which may be accompanied by the leaching of low-molecular-
weight degradation products or remnants of hydrolysis, along
with additional water absorption.”>”® The declining trend in the
weight gain curve of PBS suggests that leaching mechanisms are
predominant, while the continuous increase in weight of PHB
samples can be attributed to additional hydrolysis-driven water
absorption. The observed water absorption behaviour and the
obtained values of weight gain for PBS, PLA, and PHB are
consistent with data reported in other studies. The reported
average sorption capacity value for PBS was about 1%,”7*”* and
1-5%.7° PLA demonstrated close to Fickian water absorption
behaviour with wq. = 0.6%, which also agrees well with liter-
ature data.®»7”7®

The weight gain curves of vertically printed samples of
various blends are compared in Fig. 5, with the sorption char-
acteristics provided in Table 2. Notably, no significant differ-
ences in water sorption capacity were observed between the 5/5
and 7/3 pairs of specimens. The maximum weight gain wy,, for
S5B5 and S5L5 samples is within the range of 1.95 + 0.55%,
while S7B3 and S7L3 samples absorbed a higher amount of
water, with an approximate wy,,x value of 2.20 £+ 0.80%. These
Wmax Values for the printed blend samples are up to two to three
times higher than those predicted by the rule of mixture (RoM).
In the first approximation, it can be assumed that the

© 2025 The Author(s). Published by the Royal Society of Chemistry
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Fig.5 Weight gain curves of vertically printed blend samples (a) S5B5 and S5L5, and (b) S7B3 and S7L3. Lines are approximations by eqn (8)—-(10).

equilibrium (Fickian) water content in binary blends is addi- ¢ is parts per hundred or weight content of polymers in the

tively contributed by each component:** blends. For example, for the S7B3 blend eqn (6) is given as
Wd oo (blend) = Wd o (polymer 1) X P(polymer 1) T Wdw (polymer 2) Wdes (S7B3) = Wdeo(PBs) X 0.7 + Wy pup) X 0.3 (7)
X (p(polymer 2) (6)
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Table 2 Maximal equilibrium water content (Wyax) and parameters of the three-stage water absorption for PBS/PHB and PBS/PLA samples

I II 111

Sample Winax, % w;(ROM)“, % D, mm>h™?! Weod, % kp, h ! Weoh, % ki, h™* Weor, %
S5B5V 2.12 £ 0.20 0.77 0.20 1.75 0.0005 0.37 — —
S5B5H 1.22 £+ 0.30 0.77° 0.20 0.60 0.001 0.73 — —
S7B3V 1.82 + 0.07 0.82 0.20 1.00 0.002 1.25 0.004 0.50
S7B3H 1.33 £ 0.24 0.82° 0.20 1.00 0.003 0.60 0.009 0.27
S5L5V 1.53 £+ 0.15 0.73 0.30 1.00 0.003 1.20 0.004 0.48
S5L5H 1.62 £+ 0.21 0.73% 0.30 1.00 0.001 1.20 0.004 0.48
S7L3V 2.34 £ 0.25 0.80 0.25 1.00 0.001 2.00 0.005 0.76
S7L3H 1.88 £+ 0.07 0.80° 0.25 1.00 0.002 1.73 0.006 0.90

“ Calculated by the rule of mixture (RoM). * Similar for vertical and horizontal orientations.

The differences between wpax and Wy (plena) €an be attrib-
uted to the 3D printing features and the inevitable formation of
voids in the structure of the samples due to the layer-by-layer
deposition of filaments. Defects in the blend structure, the
filaments themselves, and those introduced during the printing
process contribute to additional water absorption. It is also
important to note that the higher water absorption of the 7/3
samples, compared to their 5/5 counterparts, cannot be solely

(@) 4.0

explained by the higher contribution of PBS and its greater
water absorption capacity (Fig. 4). The 7/3 samples exhibited
poorer processability and printability, leading to more struc-
tural defects, as shown by SEM images and, consequently,
a higher void content in the samples.

The weight gain curves of vertical and horizontal prints of 5/5
blends are shown in Fig. 6. The water absorption of S5B5
samples shows differences in properties, i.e., vertical samples

3.5
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Fig. 6 Weight gain curves of vertically and horizontally printed specimens of (a) S5B5 and (b) S5L5. Lines are approximations by egn (8)—(10).
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exhibit slightly higher water absorption than horizontally
printed samples. This difference can be explained by the higher
number of voids and pores observed in the vertical samples’
specific printing conditions (layering). At the same time, these
effects do not appear in S5L5 samples due to their better
processability compared to S5B5 blend samples. Similar
behaviour was observed for S7B3 and S7L3 (Fig. S17).

Water absorption by biodegradable polymers, such as PBS,
PHB, and PLA, is a complex process involving different mech-
anisms and is accompanied by the degradation of materials.”*"
When immersed in water, especially salt water, irreversible
(chemical) biopolyester degradation can occur due to hydro-
lytic, enzymatic, and oxidative degradation.***' Simultaneously,
the physical effects caused by the polymer/water interaction,
such as plasticization and polymer swelling, are usually
reversible.>*** Considering the complexity and interconnection
of all involved processes, it is usually hard to divide the
contribution of each involved mechanism and model the water
absorption-biodegradation phenomena in biopolyester. In this
study, we consider a simplified approach to model anomalous
water absorption by biopolyester blends and assume the addi-
tive contribution of several processes.

The total changes in the weight of the samples are related to
three processes: water absorption by the diffusion mechanism,
additional water absorption caused by hydrolytic decomposi-
tion of the polymer and leaching of decomposition products.
Then, the mathematical representation of the proposed three-
stage model of weight change w(t) can be written as follows:™*

w(t) = wa(t) + wilt) — W) 6]

where subscripts d, h, and 1 are related to diffusion, hydrolysis,
and leaching mechanisms, respectively. ¢ is a time of immersion
in water. The initial water content at ¢ = 0 is assumed to be zero.
The diffusion component is given by eqn (5). The hydrolysis-
driven water absorption and leaching of biopolyester degrada-
tion products are assumed to be the first-order kinetic
processes. Then, wy, is given by the following eqn (9):"*

Wh(f) = Wheo(l — ) (9)

where wy, . is the equilibrium (maximum) water content addi-
tionally absorbed due to hydrolytic degradation of a polymer,
and k;, is the rate of hydrolysis-driven water uptake. Similarly, w;
can be written as

wi(f) = we(l — 751 (10)
where w) is the equilibrium content of leached-out (dissolved)
components and k; is the leaching rate constant. As seen from
eqn (5), (9) and (10), each of the three processes is characterized
by two specific constants: the steady-state (equilibrium) water/
dissolved polymer contents and the rate constants.

The three-stage model eqn (5) and (8)-(10) was applied to
model weight changes of the produced biopolyester blends
when immersed in artificial seawater. The data approximation
procedure consisted of several steps. First, the diffusion
constants Wq. and D were estimated from the start regions of

© 2025 The Author(s). Published by the Royal Society of Chemistry
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the w vs. v/t curves. Then, wy. and k, and wj., and k were
adjusted to get the best fit of the curves. Note, the w(¢)
component was considered only for compositions demon-
strating s-shape weight change kinetics. Polymer blends that
did not lose weight when immersed in water were modeled
using a two-stage model (diffusion plus additional water
absorption due to hydrolysis).

The approximation results of the three-stage water absorp-
tion model are shown in Fig. 5 and 6. The model parameters are
summarized in Table 2. All prints reached apparent saturation

at v/t = 18 h'/? (two weeks). However, after that, non-Fickian
sorption was observed. All specimens, except S5B5, showed
a similar three-stage sorption behaviour: weight gain curves
have a typical s-shape with apparent secondary equilibrium
after about two months, followed by steady growth. S5B5 weight
gain increases steadily after primary Fickian saturation is
reached without secondary equilibrium occurring. As seen in
Fig. 5, S5B5 samples showed slightly higher water absorption
than S5L5, while the water sorption capacity variations were
insignificant for PBS/PHB and PBS/PLA 7/3 compositions. This
can be related to the higher hydrophilicity of PHB compared to
PLA; however, for 7/3 samples, these differences were mitigated
by the main PBS contribution. Changing the printing orienta-
tion to the horizontal S5B5 demonstrated some print direction-
based properties in sorption behaviour and wp,, values for
S5B5V and S5B5H samples differ by a factor of two (Table 2 and
Fig. 6). At the same time, no significant changes in the weight
gain curves of S5L5V and S5L5H specimens were observed.
According to the data from Table 2, the diffusivity of 3D-printed
binary blend specimens is higher than that of neat polymers.
Also, the difference in sorption parameters related to the first
stage (Fickian) sorption is insignificant for specimens with
different compositions and orientations. Parameters (kn, Woh,
ki, we)) related to degradation processes (hydrolysis and
leaching) shifted with changing blend composition and
printing orientation.®*® Structural imperfections (e.g., 7/3
vertical prints) result in additional water ingress followed by
more extensive degradation processes.

In addition, to assess how well a model explains and predicts
future outcomes based on the data, it is fitted to the coefficient of
determination (R®) and calculated using the following eqn (11):

SSFSS

R =1-
SSior

(11)

R coefficient of determination, quantifying the proportion of
variance in the dependent variable that the independent variables
can explain in a regression model; SS.s is the residual sum of
squares, which measures the variance in the dependent variable
that the model does not explain; and SS is the total sum of
squares, which measures the variance in the dependent variable.
The R? values for S5B5H, S5L5V, S5L5H, and S7L3V were
80%, while for S5B5H it is 74%. S5B5V demonstrated the lowest
R? value, which was only 58%. While the model did not achieve
a perfect fit, it demonstrated satisfactory agreement between
the experimental and calculated data. The poorer fit observed
for the S5B5V sample may be attributed to the complex

RSC Sustainability, 2025, 3, 4049-4066 | 4057
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interrelated contributions of water diffusion and hydrolysis-
driven leaching mechanisms and the presence of micro-voids
resulting from specific printing quality. Also, the S5B5V
samples are characterized by relatively high void content, which
is reflected with wp,ax and w e (romy values in Table 2.

3.3. FTIR spectroscopy

Fig. 7 shows the FTIR spectra of S5B5 and S5L5 before and after
6 months of sorption in artificial seawater. The PBS/PHB blends
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are characterized by the asymmetric and symmetric C-H
stretching at 3020-2840 cm™ ', C=0 stretching of aliphatic ester
at 1715 cm™ ', and 1200-1000 cm™ ' C-O-C and C-O stretching
region.”>*>* PBS/PLA show the asymmetric and symmetric
stretching vibrations of C-H bonds at 3030-2790 cm ', the
C=0 peaks at around 1712 cm ', bending vibrations of C-H
bonds at 1470-1300 cm ', and C-O-C and C-O stretching
vibration at 1250-1000 cm™ *.*7%

FTIR analysis revealed only minor spectral changes in the
biopolyester blends after six months of water exposure. For PBS/
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Fig.7 FTIR spectra of S5B5 and S5L5 blends: (a) full spectra, (b) C=0O stretching vibrations, and (c) C—O-C stretching vibrations before and after

immersion in artificial seawater.
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PHB and PBS/PLA, a slight decrease was recorded in the ester-
related band at 1250-1000 cm ™', accompanied by a modest
reduction in the carbonyl stretching peaks at 1712 and
1719 em™" (PBS/PHB) and 1712 cm™ ' (PBS/PLA). In sample
S5L5, small shifts appeared for the C-O-C stretching band (to
1155 cm ') and the aliphatic-ester C=0 band (to 1712 cm ™).
These subtle intensity losses and shifts may reflect limited
chain scission via hydrolysis, but overall, they indicate slow
degradation. Comparable spectra were obtained for the S7B3
and S7L3 prints (Fig. S21).
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Hydrolytic degradation of PBS/PHB and PBS/PLA blends has
previously been linked to a drop in molecular weight and to
changes in crystalline-amorphous balance.”>** Aldehyde and
carboxyl end-groups produced during degradation can alter the
relative area of the carbonyl band associated with the free-
amorphous phase of PBS.**>% Because the present FTIR data
show only marginal variations, DSC was performed on reference
and aged samples to obtain a clearer picture of crystalline-
structure evolution; those results are discussed in the next
section.
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Fig. 8 DSC curves: (a) first heating, (b) cooling, and (c) second heating scans.

© 2025 The Author(s). Published by the Royal Society of Chemistry

RSC Sustainability, 2025, 3, 4049-4066 | 4059


http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d5su00275c

Open Access Article. Published on 18 July 2025. Downloaded on 4/2/2026 3:52:39 AM.

Thisarticleislicensed under a Creative Commons Attribution-NonCommercial 3.0 Unported Licence.

(cc)

RSC Sustainability

3.4. Thermal analysis

DSC was employed to monitor changes in the thermal proper-
ties of neat and blended polymers resulting from prolonged
seawater aging. Fig. 8 illustrates DSC's first heating, cooling,
and second heating scans, while thermal characteristics, i.e.,
melting temperature and degree of crystallinity of the first
heating scan for blends before aging and after one and six
months of exposure, are visualized in Fig. 9. Precise values from
DSC curves are summarized in Tables S3-S5.t

Fig. 8(a) shows typical peaks observed for neat polymers: the
PHB curve contains a melting peak at 180 °C, while the PBS
curve shows a melting peak centered at 115 °C with a shoulder
shifted towards lower temperatures. It is typical of PBS to have
imperfectly crystallized lamellae undergo melting and subse-
quent recrystallization into more perfect lamellae during heat-
ing.* PBS second melting curve also has a small exothermic
recrystallization peak (Fig. 8(c)), which also appears in some
blends. PLA scan reveals glass transition at around 60 °C, cold
crystallization at 100 °C, and a melting peak at 173 °C. At the
same time, PHB demonstrated a melting peak at 180 °C.
Focusing on unaged PBS/PHB blends, crystallinity (x,,) of PBS
in blends significantly decreases compared to neat PBS, drop-
ping from 51.2% in neat PBS to 34.8% in S5B5 and 30.8% in
S7B3 at 0 months (Table S371). This indicates that PHB hinders
the crystallization process of PBS.** PHB in blends maintained
similar crystallinity levels to neat PHB but exhibited lower
melting temperatures.

In general, the crystalline phase acts as a barrier to water
diffusion, thereby reducing overall water molecules perme-
ability,” while degradation predominantly occurs in the more
accessible amorphous regions.”® Our data support this
assumption and indicate that crystallinity does not significantly
change after 6 months of aging compared to the unaged
samples. In addition, changes observed in polymer blends can
deviate from expected performance in single polymer systems,
and this is attributed to the aspects of developed blend
morphology, which introduce additional interfaces that can
disrupt or promote secondary crystallization.®”*® After immer-
sion, PHB crystallinity in the S5B5 blend was 56.5%, 60.7%, and

View Article Online
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58.5% for 0, 1, and 6 months of immersion, respectively. There
is substantial evidence from the literature demonstrating that
PHAs degrade in seawater.”°* PLA in the PBS/PLA blends fol-
lowed the same pattern. As reported by other authors, the
increase in crystallinity could be explained by the erosion of
some of the amorphous parts of PLA that resulted in a loss of
molecular fragments.'®>"** The degree of crystallinity in PBS
increased steadily with immersion time. Similarly to PLA and
PHB, semicrystalline PBS's amorphous regions are more
susceptible to hydrolytic degradation.'*>'*¢

Cooling curves (Fig. 8(b)) and corresponding data (Table S47)
highlight significant changes in the crystallization process of
PBS, particularly in PBS/PLA blends. The crystallization exo-
therm of PBS shifted to lower temperatures, indicating that
nucleation has become less efficient. Either because existing
nucleating surfaces were partially masked by the second poly-
mer or because hydrolytic fragmentation disrupted chain
alignment and formation of imperfect crystals.'” Consequently,
PBS requires greater undercooling before nuclei can form and
crystal growth can proceed, so its crystallization temperature
drops.?”%®

Second heating (Fig. 8(c)) can examine and compare aged
and unaged samples by removing pre-history. In the case of
second heating (Table S57), a similar observation is observed.
Table S57 shows that the crystallinity of PLA in the S5L5 and
S7L3 blends increased to 19.6% and 17.3% from 13.1% and
7.9%, respectively, after six months of immersion in artificial
seawater. Similarly, PHB in PBS/PHB blends exhibited some
increase in crystallinity, although the change was less
pronounced than for PLA. In contrast, PBS showed only a slight
increase in crystallinity within PBS/PLA blends, while in PBS/
PHB blends, the presence of PHB appeared to suppress PBS
crystallization more significantly. These results align with
previously discussed hydrolytic degradation mechanisms.

As shown in Table S5, the glass transition temperature (Tg)
of PLA in the blends showed a decrease after immersion in
artificial seawater. A decrease in T, during aging aligns with
observed hydrolytic degradation, indicated some plasticization
and is supported by the literature.'**** It has also been reported
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Fig. 9 Melting temperature (dashed lines) and degree of crystallinity (solid lines) extracted from first-run DSC heating scans for neat polymers

and for PBS/PLA and PBS/PHB blends.
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that the T, of PLA in PLA/PBS blends changes non-linearly with
the polymer composition.**®

Fig. S31 presents the TGA thermograms along with their
corresponding first derivative curves. The TGA curves display
comparable profiles for both the reference and aged samples.
The derivative curves indicate a two-stage degradation process
for all compositions, corresponding to each polymer's compo-
nent's expected primary degradation peaks. Similarly, no
significant differences were observed in the derivative curves.
These TGA results suggest hydrolysis is relatively slow.

3.5. Tensile tests

The effect of the printing parameters and water influence on the
3D-printed samples’ mechanical characteristics was measured.
Table 3 demonstrates the average values of the elastic modulus
(E), ultimate strength (o), and ultimate strain (¢,) of neat PBS,
PLA, and PHB films. Hereinafter for specimens exhibiting
necking and yielding, the yield strength and yield strain are
considered as ultimate characteristics o, and ¢,, respectively.
PLA and PHB are brittle compared to PBS, which shows ductile
failure behaviour. After three months of water sorption, PLA
and PHB show a 1.2-fold decrease in ultimate strength, but o,
value for PBS did not change and remains within the scatter of
data and is equal to 31.33 £+ 0.89 MPa. PLA and PBS show
a decrease in ultimate strain by 18%, whereas ¢, of PHB
decreases by 45%. The E values of PLA and PBS were in the data
scattering range, while the modulus of PHB slightly increased.

Fig. 10 shows stress-strain curves of vertical (V) and hori-
zontal (H) PBS/PHB and PBS/PLA blends before and after
immersion in artificial seawater. The effects of aging on the
mechanical response were evaluated for 3D-printed blend
samples immersed in artificial seawater for 6 months. A bar
chart comparing various tensile properties, including error
bars, is presented in Fig. 11. The data in Table 3 indicate that
these mechanical properties are clearly limited by the polymer
matrix and significantly affected by selected printing parame-
ters. Notably, S5L5V exceeds the ultimate strength of pure PBS,
showing around 35.32 + 2.15. At the same time, S5B5V shows
only about 23.10 + 0.85 MPa. Fig. 10(a) illustrates the
mechanical changes observed in S7L3 samples over the
immersion period (two weeks, one month, and six months). In
contrast, the aging effects on vertically and horizontally printed
S5B5, S7B3, and S5L5 samples are presented in Fig. S5-S7,f
respectively. As seen in Fig. 10(a), S7L3V and S7L3H elongation
at break dropped to 18.5- and 1.8-fold, respectively, after six
months aging. At the same time, ultimate strength values
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decreased by 2.2- and 3.1-fold for S7L3V and S7L3H,
respectively.

PBS/PHB and PBS/PLA print demonstrated the same
tendency in the vertical and the horizontal orientation
(Fig. 10(b)). Both reference and aged vertical prints achieved
significantly higher values than horizontal ones. The vertical
prints exhibit necking formation, which was not observed for
the horizontal prints due to their lower contact surfaces
between extruded filaments.'”” Additionally, the orientation of
vertical prints aligns with the strain orientation, while the
orientation of horizontal samples depends on the created
interface and print line overlays.*

In addition, stress-strain curves for vertical PBS/PHB and
PBS/PLA samples are compared in Fig. 10(c). PBS/PLA prints
demonstrate the highest ultimate strength and ultimate strain
values, but the lowest elastic modulus compared to PBS/PHB.'*®
Tao et al. reviewed defect formation in FFF 3D printing, high-
lighting inherent shortcomings, such as void formation, poor
interlayer adhesion, and anisotropic mechanical behavior,
which can significantly reduce the mechanical performance of
printed parts.'” Moreover, these defects are closely linked to the
selected processing parameters. This is particularly relevant to
selected print orientations (vertical or horizontal). The litera-
ture indicates that compared to the single-layer bulk, spheru-
lites at the layer weld interface show enhanced birefringence,
indicating greater structural perfection.'® However, the bulk
region hosts a larger number of spherulites, suggesting higher
nucleation but reduced individual spherulite quality. These
findings suggest that layer weld interfaces, due to their localized
structural characteristics, commonly serve as preferential sites
for stress concentration and subsequent mechanical failure.

Tensile tests were also performed on samples aged for two
weeks, but changes in mechanical characteristics were in the
data scatter range and were therefore not shown. After one
month of immersion in seawater, the mechanical properties
showed minimal change, with the ultimate values falling within
the data scatter of the unaged prints. In DSC, it was observed
that crystallinity increased after one month of immersion, but
mechanical properties did not increase. This could be related to
slight hydrolytic degradation and leaching compensating for
the crystallinity increase of the immersed samples. Likewise,
inherent defects from the 3D printing process and blend
morphology likely play a role in determining mechanical
performance. After six months of aging, a notable decrease in
properties is observed, but PBS/PHB, both vertical and hori-
zontal, blends retain slightly higher E values than PBS/PLA

Table 3 Elastic modulus (E), ultimate strength (a,,), and ultimate strain (e) of neat PBS, PLA, and PHB polymers before and after aging in artificial

seawater

Reference 3 months in artificial seawater
Sample E, GPa a4, MPa Euy % E, GPa a4, MPa Euy %
PBS 0.51 + 0.02 28.19 £+ 0.55 18.11 £+ 0.95 0.57 + 0.04 31.33 £ 0.89 14.84 + 1.90
PLA 1.78 £ 0.09 62.56 £ 5.91 4.45 £+ 0.27 2.04 £ 0.13 53.33 + 8.90 3.670 £ 0.57
PHB 1.89 + 0.18 42.87 + 3.67 3.55 + 0.46 2.66 + 0.20 37.54 £ 1.95 1.97 £+ 0.20

© 2025 The Author(s). Published by the Royal Society of Chemistry
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S5B5 and S5L5 vertical and horizontal prints; (c) S5B5, S5L5, and S7B3, S7L3 vertical samples in referenced and after aging in artificial seawater.

blends. The most extraordinary drop, 2.5-fold in E values, was
for S5B5, which was attributed to the higher degradation rate of
PHB."®

Vertical and horizontal PBS/PLA prints reach the highest
ultimate strength values and show this trend during 6 months
of aging. After six months of water sorption, a remarkable drop
in o, values were observed for S7B3V and S5B5H samples, about
2.1- and 3.3-fold, respectively. This may be attributed to the

4062 | RSC Sustainability, 2025, 3, 4049-4066

lower compatibility with PBS and the higher degradation rate of
PHB. During the printing process of thermoplastic polymers,
layer welding is dominated by an amorphous region.'*>** As
was previously discussed, the amorphous phase is most sensi-
tive to hydrolytic degradation. In this regard, the observed
significant decrease in elastic modulus and ultimate strength
can be attributed to hydrolytic degradation, complemented by
the structural design induced by 3D printing.

© 2025 The Author(s). Published by the Royal Society of Chemistry
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horizontal prints in the reference state and aged for one month and six months.

Strain values after six months of immersion indicate a total
loss of ductility in the blends, except in cases where the material
was already brittle. Ultimate strain (Fig. 11) also declines in
nearly every blend composition, pointing to the incipient
embrittlement of polymer material.'*® It can be observed that
vertical prints have more significant decreases in mechanical
properties than horizontal prints. This is attributed to the
higher water content of the vertical samples.*®

© 2025 The Author(s). Published by the Royal Society of Chemistry

4 Conclusion

This study examined the influence of FFF printing orientation
and blend composition on the hydrolytic aging behavior of PLA-
, PHB-, and PBS-based binary polymer blends in artificial
seawater. A key focus was placed on how printing parameters,
particularly orientation, correlate with changes in structure and
performance over time. All samples showed rapid initial water
uptake, reaching their primary Fickian sorption plateau within
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two weeks, with equilibrium contents between 1.2 and 2.3 wt%.
Non-Fickian sorption kinetics followed, including additional
uptake from hydrolytic decomposition and mass loss from
leaching. Higher water uptake was observed in 7/3 blends,
which contained more structural voids.

After six months of immersion, DSC results showed that the
degree of crystallinity increased, particularly for PLA and PHB
components. Tensile testing showed that mechanical properties
remained close to unaged values after one month. However,
after six months, ultimate strength and elastic modulus
declined significantly by up to 3.3-fold and 2.5-fold, respec-
tively, with PHB-containing blends showing greater reductions.
No increase in ultimate strain was observed, indicating that
plasticization did not occur. Instead, material embrittlement
was evident, particularly in vertically printed samples, which
also exhibited higher water uptake. Vertical prints consistently
deteriorated more than horizontal prints, which is attributed to
their higher porosity and greater water uptake.

SEM and EDX analyses revealed the formation of salt crystals
at interlayer interfaces, confirming localized hydrolytic degra-
dation pathways facilitated by printing-induced structural
imperfections. FTIR and TGA results showed only minor spec-
tral changes, indicating slow chain scission throughout the six
months exposure.

The data clearly point towards the observed hydrolytic
degradation of polymers. Still, the overall breakdown of bulk
parts remained slow under static marine conditions. This
suggests that, if environmental plastic pollution is the primary
concern, such materials, especially in their solid printed form,
may persist significantly longer than expected. Future perspec-
tives should include microbial activity and mechanical abrasion
studies to represent real-world marine environments and
predict polymer blend durability.
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