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In this study, a custom immersion creep tester was developed to investigate the in-situ creep behavior of poly-
lactic acid (PLA) in contact with phosphate buffered saline (PBS) solution at various temperatures. Hydrolysis in
PBS accelerated creep strain and shortened the lifespan compared to air. The elevated temperatures further
facilitate molecular mobility and hydrolysis, leading to faster degradation in PBS environments. The failure
mechanisms varied depending on the media, with brittle failure predominating in air and surface hydrolysis

accelerating the failure in PBS. The Larson-Miller parameter (LMP) effectively predicted the long-term creep
behavior of PLA by incorporating the time-temperature-environment correlation and showed high accuracy.
These results highlight the important role of environmental factors in determining the structural integrity and
mechanical properties of PLA and emphasize the need to carefully consider environmental conditions when
designing PLA-based materials for applications such as biomedical implants or packaging.

1. Introduction

Polylactic Acid (PLA) is an amorphous biodegradable polymer syn-
thesized by polymerizing lactic acid derived from renewable natural
resources such as corn [1,2]. As an aliphatic polyester, PLA is widely
recognized for its eco-friendliness compared to conventional fossil
fuel-based polymers and its mechanical strength comparable to
petroleum-based plastics, making it a promising alternative material for
various applications [3-8]. Unlike traditional petroleum-based plastics
that often take hundreds to thousands of years to degrade [9], the PLA
can decompose within several years through microbial activity and
hydrolysis [10,11]. This property positions PLA as a sustainable solution
to the growing environmental concerns associated with plastic waste.

In biomedical applications, an excellent biocompatibility of the PLA
materials allows it to metabolize into water and carbon dioxide within
the human body, enabling its use in load-bearing applications such as
medical implants, tissue engineering scaffolds, and cardiovascular stents
[12-18]. Also, the PLA-based nano composites have been developed and
characterized to adjust their physical properties including conductivity
and viscosity, and so on [19-21].

Because PLA is mainly used as biomedical implants to ensure the
initial healing process, early degradation causes challenges to achieve
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treatment period that rely on biodegradable polymers. On the other
hand, an excessively long lifetime can also cause interference, e.g.,
inflammation or adverse effects. To prevent such issues, it is crucial to
predict both the timing of PLA degradation and changes in its durability
under in vivo conditions. Additionally, the degradation process of PLA
can alter the local pH environment due to the release of amorphous
fragments, accelerating further degradation and affecting mechanical
stability [22,23].

To understand the degradation behavior of PLA materials in human
body, numerous studies have been conducted using in vitro tests in
phosphate-buffered saline (PBS) at 37 °C [1,24-28]. A study evaluated
the hydrolysis properties of commercial PLA and laboratory-synthesized
PLLA and found that the prepared PLLA hydrolyzed faster than com-
mercial PLA, with a more pronounced decrease in molar mass, especially
during the first 28 days [29]. However, PLA retained its physical prop-
erties longer than PLLA, and crystallinity had a significant effect on the
hydrolysis rate. Kim et al. [28] developed a tunneling-based conduc-
tivity model and systematically characterized the hydrolytic degrada-
tion behavior of PLA-based nanocomposites in PBS solution. Polidar
et al. [30] research has demonstrated that specific phosphate additives
have the capacity to regulate and expedite the hydrolysis rate of PLA.
The aforementioned effects manifested more distinctly at elevated
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Fig. 1. Preparation procedures for creep specimens. (a) Polylactic acid (PLA) resins, (b) preparation of mold assembly, (c) heating-press machine, (d) fabricated PLA
plate, (e) machining of creep specimens, and (d) manufactured creep test specimens.

temperatures; however, even at 37 °C, progressive degradation was
observed over time. In the context of biomedical applications, the in-
cubation of medical PLA/hydroxyapatite (HAp) composites in
phosphate-buffered saline (PBS, pH 7.4) at 37 °C for a period of 10
weeks has been observed to result in a decline in the degradation rate,
with the rate of degradation exhibiting an inverse correlation to the HAp
content, indicating that the HAp contributes to the enhancement of the
structural stability of PLA [31]. Furthermore, experiments conducted in
a phosphate-buffered saline (PBS) solution (pH 7.4) at 37 °C demon-
strated that the rate of hydrolysis of PLA-based drug delivery systems
can vary depending on pH and environmental conditions. Specifically, a
decline in molar mass and alterations in structure over time were
observed [32]. Both in vivo and in vitro experiments, the primary
degradation mechanism of PLA was identified as hydrolysis of ester
bonds, which was stable at neutral pH. Furthermore, experimental
conditions maintained at 37 °C in a phosphate-buffered saline (PBS)
solution resulted in a progressive degradation of PLA [17]. The exposure
of PLA to the PBS solution resulted in chain cleavage and surface dam-
age, which in turn led to physical changes due to hydrolysis. It was
further observed that these effects were more pronounced at higher
temperatures [33].

Previous studies examining PLA hydrolysis in PBS solution at
elevated temperatures (50, 60, and 70 °C) have reported the loss of
molecular weight and chain cleavage, leading to progressively dimin-
ished tensile strength and elongation [34]. The surface
degradation-induced tensile stresses on the polymer surface and surface
cracking were identified as the primary damage mechanisms. It was also
investigated that, when PLA was exposed to PBS at 37 °C, its elastic
modulus was initially maintained, but mechanical properties gradually
weakened due to degradation. Additionally, a high-pH environment
accelerated this degradation, leading to a significant decrease in impact
resistance [35]. Furthermore, the degradation of PLLA fibers in a PBS
solution results in the development of microcracks on the surface and a
decrease in mechanical strength with a decrease in molecular weight.
The fracture surface analysis revealed microcracks and low plastic
deformation, which are characteristic of brittle fracture [36,37].

For in vivo medical implants, mechanical stresses are also applied
during the service period in the human body. For example, stents
implanted in blood vessels, such as coronary arteries, for the purpose of
vascular dilation are subjected to external surface pressure exerted by
the surrounding vessel. In the case of sutures used in the human body,
they are subjected to the tensile stress throughout their biodegradation
process. Moreover, bone and joint implants are subjected to even more

complex stress conditions. Thus, it is important to evaluate long-term
properties such as creep and fatigue rather than short-term properties.
Tabi et al. [38] found that the « crystalline in PLA significantly reduces
creep deformation, suggesting that crystallization improves the me-
chanical stability of PLA and provides better performance under thermal
and long-term loading conditions. Ezeh et al. [39] evaluated the fatigue
strength of PLA fabricated by FDM and found that the Lester angle and
average stress had a significant impact on fatigue life. In particular, the
fatigue strength decreases at certain fabrication orientations, suggesting
that manufacturing process variables and design conditions play an
important role in the fatigue behavior of PLA.

When biodegradable polymers are implanted in the body, however,
hydrolytic degradation and mechanical loading, including fatigue and
creep, do not occur independently but rather it undergoes mechano-
chemical degradation simultaneously. Hence, the in-situ testing that
examine the fatigue or creep behavior of PLA in a simulated physio-
logical environment, while simultaneously accounting for mechanical
stress and chemical hydrolysis, are required. However, to the best of the
author’s knowledge, no research has yet examined the long-term creep
behavior of PLA materials in saline solutions at various temperatures. To
achieve this, creep or fatigue tests must be performed in an environment
where the PLA material is in contact with fluids that mimics bodily
conditions, e.g., saline solution at body temperature.

In this study, to elucidate the long-term mechanical behavior of PLA
in the human body, an in-situ four-stage creep testing apparatus enabling
contact with phosphate-buffered saline (PBS) solution was designed and
constructed. A dual-bath system was employed to maintain stable tem-
perature levels and prevent heater corrosion, as well as the frame was
designed to ensure that no creep load was transmitted to the baths. To
apply both creep stress and solution exposure simultaneously, the grip
parts were first attached to the creep specimen and then connected to
main frame with a pin connection. During testing, the creep deformation
was continuously measured using the displacement sensors. Through
this apparatus, the creep deformation and rupture behavior of PLA
under various temperatures and stresses in a PBS environment were
analyzed, and a stress-lifetime diagram was established for different
temperature levels, i.e., 37, 45, and 50 °C. A comparison with creep
behavior performed in air under the same conditions enabled a quan-
titative evaluation of PBS solution exposure, revealing a significant
reduction in creep durability. Additionally, failure modes were catego-
rized based on the testing environment, temperature, and stress level,
and a failure mechanism map (FMM) was suggested. By introducing the
Larson-Miller parameter, a creep lifetime prediction model was
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Fig. 2. Design and actual implementation of various experimental devices. (a) Isometric view of a fluid environment creep tester designed as a 3D model. (b)
Constructed fluid environment creep tester. (¢) Schematics of dual-bath design with load transferring and sensor system.

constructed in both PBS and air environments. This comprehensive
analysis of the combined effects of stress and hydrolysis for in vivo ap-
plications of PLA is expected to aid in estimating the long-term dura-
bility and reliability of PLA in body condition under arbitrary
mechanical stress levels. Therefore, this study uniquely quantifies the
temperature dependent creep behavior of PLA in PBS, comparing with
air environment, and presents FMM that clarifies the coupled influence
of long-term hydrolytic degradation and mechanical stress, offering
guidance for designing load-bearing biodegradable scaffolds.

2. Materials and methods
2.1. Creep specimens manufacturing methods

Polylactic acid (PLA) resin (4032D, NatureWorks LLC) as shown in
Fig. 1a was compression molded into plates using a heating press ma-
chine, QM900M (QMESYS, Korea). Initially, a release film was posi-
tioned between the rectangular bottom plate and the middle plate in
steel, with a dimension of 250 x 250 x 2 mm. The middle plate contains

a rectangular opening with a dimension of 180 x 180 x 2 mm, and the
resin was evenly distributed on the film. Another release film was then
placed over the resin, followed by the upper steel plate (see Fig. 1b). The
entire assembly was subsequently placed into the heating press for
compression molding as illustrated in Fig. 1c. The resin was first pre-
heated at 190 °C under a pressure of 2 MPa for 15 min, followed by a
main heating process at the same temperature and 15 MPa for an
additional 10 min. The heated plates were then quenched in water at
20 °C for 1 min and molded PLA plate with a dimension of 180 x 180 x
2 mm was obtained (see Fig. 1d). Compression molding eliminates
interlayer adhesion defects that occur in additive manufacturing (FDM)
and provides uniform crystallinity, allowing for analysis of pure material
properties. The tensile specimens following ASTM D 638 Type 5 with a
thickness of 2 mm were machined through CNC and used for the creep
tests (see Fig. 1le and f).

2.2. Design and construction of fluid-environment creep tester

In this study, a special creep testing machine was designed to analyze



S.-H. Woo et al.

(a)

I
L]

— — —

LVDT
Sensors

Weights -

(b)

Polymer Testing 149 (2025) 108877

Thermocouple > Dry oven

temperature sensor

Sensor

Data logger

Fig. 3. Air-environment creep tester: (a) modeling and grip design, and (b) schematics of load transferring and sensor system.
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the in-situ creep behavior of PLA under physiological environmental
conditions, as shown in Fig. 2a-b, for 3D modeling and actual system,
respectively. Unlike conventional creep testers for polymers, which are
usually designed to operate in air or at a constant temperature, this
apparatus was specifically designed to evaluate the degradation and
creep behavior of PLA in an environment such as PBS solution. In
addition, a simple air-based creep test apparatus was also used (Fig. 3a),
and the creep properties of PLA were evaluated using the two creep
testers.

Creep tests were conducted using a PBS solution due to its physio-
logical relevance, its pH of 7.4, the inclusion of sodium chloride (NaCl)
and potassium chloride (KCl), and its excellent buffering capacity, which
make it suitable for in vitro testing [1,34,36,40,41]. The experiments
were performed at three temperatures commonly applied in vitro
degradation studies: 37 °C (body temperature), 45 °C, and 50 °C.
Additionally, the test specimens were aged for at least 1 h at each test
temperature and environment before testing. These conditions enabled a
comparative analysis of PLA creep behavior under varying thermal en-
vironments. Real-time creep strain data provided quantitative insights
into PLA long-term mechanical stability and degradation behavior in
contact with the PBS solution. The apparatus was developed by inte-
grating corrosion-resistant materials, precise load application mecha-
nisms, and real-time monitoring systems. This apparatus successfully

simulates in vitro environments for evaluating PLA creep properties
under realistic conditions while adhering to international standards for
mechanical testing.

2.2.1. Creep tester frame and bath design

In the creep tester for liquid environment, the main and side frames
were installed on an optical table for vibration damping (Fig. 2a-b). This
configuration provides structural stability and allows simultaneous
testing of multiple specimens under different conditions without mutual
interference. Each frame incorporates a corrosion-resistant load transfer
mechanism, ensuring durability and reliability in submerged environ-
ments. The apparatus adopts a dual-bath structure to create an opti-
mized liquid testing environment. The outer tank, made of stainless steel
and filled with distilled water, while the inner tank, glass baths, contains
the PBS solution where the specimens are submerged (see Fig. 2c). The
outer tank includes a titanium heater that indirectly heats the PBS so-
lution by regulating the temperature of the distilled water, preventing
corrosion of the heater. The PBS solution was prepared using HPBS-
2010-74 (Forbio Korea, Korea) and maintained at a physiological pH
of 7.4 £ 0.2 with a salinity of 1.0 = 0.1 % by replacing the solution
every three days [34]. The temperature of PBS solution was maintained
within +1 °C using thermocouples to monitor fluctuations, ensuring
consistent experimental conditions (Fig. 4a—c). Additionally, a Teflon
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Fig. 5. Grip jig design for creep testing in liquid and high temperature environments: (a) modelling and (b) actual photograph of the grip jig for the liquid envi-
ronment creep tester, (c) actual photograph of the grip cross-section, and (d) grip pattern.
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Fig. 6. Creep behavior under different conditions: (a) creep strain as a function of time at 50 °C in PBS at 5 MPa, (b) creep strain rate as a function of time at 50 °C in
PBS at 2 MPa, (c) creep strain rate as a function of time at 37 °C in air at 18 MPa, and (d) creep strain rate as a function of time at 37 °C in air at 18 MPa.

cover was placed over the double tank to prevent evaporation of the
solution. This dual-bath design not only ensures precise temperature
control but also minimizes contamination risks and enhances experi-
mental reliability by simulating in vitro degradation conditions
effectively.

The constructed testing system is shown in Fig. 2b. In case of creep
tester for air environment, the temperature was maintained by the dry
oven equipped with the frame (Fig. 3a). Also, the temperature inside the
dry oven measured by thermocouples in the vicinity of the specimens
was maintained in +1 °C as shown in Fig. 4a—c.

2.2.2. Creep loading and sensor system
Fig. 2c reveals a schematic diagram of the creep loading and sensor

system. It is designed to apply a constant tensile load to the specimen
immersed in PBS solution. The system uses sprockets, chains and
weights to ensure that the applied load remains within +1 % accuracy
throughout the test process. To mitigate the possibility of errors due to
vibration or shock, the device is mounted on an optical table, and each
jig is individually installed to ensure stable and precise test conditions.
To ensure the accuracy of displacement measurement, a linear variable
differential transformer (LVDT) sensor (KPF-100, MIRAN, China) was
used to monitor the deformation of the upper grip due to the specimen
deformation. This approach allows for accurate tracking of the creep
deformation by measuring the displacement of the upper grip rather
than the weight displacement. The LVDT sensor with a measuring range
of 100 mm was adopted to measure the deformation of specimens during
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the creep test. A precision sensor with an error range of +1 % in
displacement measurement was used, and the sensor was driven by a 20
V transformer and provided real-time data on the displacement of the
upper grip. As shown in Fig. 3a, in case of air environment test, the
upper grips were fixed to the frame, and the displacement of the lower
grip was measured by the LVDT sensor (see Fig. 3b).

To capture the detailed creep behavior, data was recorded using a
data logger at 0.02 s intervals for 1 h of testing and then at 1 min in-
tervals thereafter. This configuration allowed for uninterrupted obser-
vation and evaluation of specimen deformation over time, ensuring
reliable creep displacement measurements under controlled

environmental conditions. By measuring the displacement of upper grip
rather than that of weights, the system provided accurate measurement
of deformation of specimens over long-term creep testing.

2.2.3. Creep tester grips and fixture design

Fig. 5 shows the jig design and actual grips of the creep testers. The
upper and lower grips were designed non-slip patterns on the inner
surface as shown in Fig. 5¢c-d. These patterns were designed to prevent
slippage under long-term tensile loading while maintaining consistent
alignment throughout the test. To facilitate specimen setup, the grips
were designed to be removable from the frame. In addition, to prevent
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eccentricity of the specimen, the grips are attached to the specimen as
shown in Fig. 5¢ and then fixed to the main frame using pins so that fluid
contact and creep loading are initiated simultaneously (see Fig. 5b). To
ensure durability during extended exposure to the PBS solution, the
immersion frames and grips were fabricated from 316L stainless steel,
known for its corrosion resistance, and further coated with chrome to
enhance durability.

2.2.4. Characterization of creep behavior in PBS solution and air

The failure of polymeric materials is closely related to the accumu-
lation of plastic deformation under applied loads. Creep testing is
essential for predicting and evaluating the long-term behavior of ma-
terials, as it provides important insights into the time-dependent
deformation mechanism of polymers. Fig. 6a shows the creep strain as
a function of time in case of 5 MPa of creep stress at 50 °C in PBS so-
lution, for examples. The example creep curve for 18 MPa in air envi-
ronment at 37 °C is also shown in Fig. 6¢. In some cases, the specimens
underwent severe creep.

To analyze the creep strain, numerical differentiation was applied to
calculate the instantaneous creep strain rate (¢) from the relationship
between strain (¢) and time (t) [42]. The numerical differentiation used
a finite difference method that utilizes neighboring data points to esti-
mate the rate of change:

é(t)zg(tHl) —e(t) )
ti1 — 6

where the ¢ (t) represents the instantaneous strain rate at time t;. In order
to reduce noise and obtain a smooth curve, the strain rate obtained from
numerical differentiation was further processed using a moving average
smoothing technique. It has been well known that the secondary stage of
the creep curve can be identified based on the creep curves, and the
steady-state creep strain rate could be determined [43]. This stage is
critical for comprehending long-term material deformation, as it sig-
nifies a stable phase where the creep rate remains constant. The iden-
tification of the secondary stage and the calculation of the steady-state
creep strain rate have been established as standard practices in creep
analysis [43,44]. In this study, the steady-state creep strain rate (¢;;) was
defined by the minimum value of ¢ (t), as shown in Fig. 6b-d. The
smallest value is used to conservatively estimate the steady-state creep
strain rate, especially since experimental data can be noisy or variable. If
the strain rate is not completely constant in the secondary creep regime,
the minimum value represents the theoretically most stable state.

2.3. Surface observation for morphological damages

After the creep testing in air and PBS environments, the surface of the
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and ductile failure. In semi-brittle fracture, the generated crazes propagate, and final fracture occurs with limited plastic deformation. In some cases of ductile failure,

the crazes are opened without additional growth.

specimens was closely observed through optical microscopy (OM) and
scanning electron microscopy (SEM). The PLA specimen surfaces were
examined using a DIMIS M5 optical microscope (DIMIS, Korea) with a
magnification of 50. For some specimens, MAIA 3 LM (TESCAN, Czech)
was applied for the scanning electron microscope (SEM) observations, to
investigate a more detailed analysis of the surface damage morphology.
Prior to SEM observation, the samples were platinum-coated, and im-
aging was conducted at an accelerating voltage of 5 kV.

3. Results and discussions
3.1. Creep strain with elapsed time in PBS solution and air

Fig. 7a—f exhibit the creep strain curves against the elapsed time for
creep tests conducted in PBS solution and in air, at the different tem-
perature levels, 37, 45, and 50 °C, respectively. In general, the increased
temperature or applied stress accelerates the creep deformation of PLA
specimens and shortens the creep lifetime, in both mediums. Despite the
same temperature conditions, the lifespan when testing at 15 MPa stress
in PBS at 37 °C compared to air shows a significant difference: the
lifespan in PBS is 15 h, while in air it is 220 h, revealing a difference of
over 13 times.
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Fig. 11. (a) Failure modes of creep behavior in PBS solution. Semi-brittle fracture, ductile failure, and mixed mode. In PBS solution, the specimens with ductile
failure are whitened and lose their transparency at a relatively low stress level. (b) Schematics of creep deformation with hydrolysis degradation in PBS solution,

initiation of micro pits, growth of pitting, and degradation surface.

In the PBS medium, the diffusion of the solution in the PLA specimen
could lubricate between the adjacent molecules, facilitating the mobility
of chain molecules and ease of disentanglement [45]. Furthermore, the
mechanical stress accelerates the fluid diffusion into the polymers by
enlarging the vacant in the medium [46]. Thus, the
plasticization-assisted creep deformation accelerates the creep rupture
of PLA specimens. Also, PLA materials could undergo hydrolysis
degradation in aqueous environments such as the PBS solution. When
moisture is present, the ester bonds in PLA are randomly cleaved,
leading to faster degradation and a reduction in mechanical properties
over time [34,47,48]. The increased temperature accelerates the diffu-
sion and hydrolysis mechanisms; thus, the high temperature clearly
shortened the rupture time in the PBS solution [49,50]. Generally, PLA
in air, which is not an aqueous environment, undergoes oxidative
degradation, which is known to occur more slowly than hydrolytic re-
actions. Although oxidation can occur quickly at high temperatures, it
does not damage the material as rapidly as hydrolysis in a moist envi-
ronment [47].

Fig. 8 shows the changes in creep rate with stress for PLA under
steady-state creep at various temperatures and media. The creep rate at
steady state increases from low to high temperatures, as well as with
increasing applied stress [51]. This is due to the increased molecular
mobility at higher temperatures, which facilitates deformation under
stress. As the temperature rises, the activation energy required for mo-
lecular motion decreases, accelerating the creep process, particularly as
it approaches the glass transition temperature. Additionally, the creep
rate follows a power law relationship with stress, indicating that higher

stress leads to increased deformation rates. The results from tests con-
ducted in PBS show a significantly higher steady-state creep strain rate
at the same temperature compared to tests in air. This indicates that the
creep process is considerably accelerated in a liquid environment. The
PBS solution promotes hydrolytic reactions and weakens the in-
teractions within the polymer matrix, making it easier to deform under
sustained stress. It can be observed that the steady-state creep rate in-
creases progressively and nonlinearly with increasing stress and
temperature.

3.2. Creep stress-lifetime plots in PBS solution and air

Fig. 9a, b, and 9c illustrate the creep rupture times as a function of
applied stress at each temperature, 37, 45, and 50 °C, respectively. At
37 °C, the difference in lifespan increases as stress decreases, while at
45 °C and 50 °C, there is a knee point in stress-lifetime plots. Notably, at
45 °C in PBS, the failure time decreases nonlinearly and sharply starting
from 12 MPa, and at 50 °C, there is a knee point of the lifespan at 6 MPa
in PBS and 8 MPa in air. Fig. 9d—e exhibit the effect of temperature levels
in different mediums, air and PBS solution, respectively. It is evident
that the stress-lifetime diagram shifts downward with increasing tem-
perature. In the air environment, the knee point was observed only at
50 °C, whereas in the PBS environment, knee points emerged at both
45 °C and 50 °C. It has been known that such knee points in creep or
fatigue testing are closely related to the transition of failure modes, e.g.,
ductile-brittle transition.

According to the literature, PLA has been reported to have lower
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Fig. 12. Failure mode map (FMM) in air-environment creep testing with regard to applied stress level and temperature.

creep resistance at high temperatures and under high loads compared to
other polymers [50]. In amorphous polymers, the increase in applied
stress may exhibit a quasi-asymptotic relationship between failure time,
suggesting that the lifespan of the material decreases exponentially as
stress increases [52]. This indicates that once a certain stress level is
exceeded, the failure time decreases sharply. The relatively low glass
transition temperature of PLA material compared to other
petroleum-based polymers may lead to increased molecular mobility at
the testing temperatures, resulting in a sharp drop in deformation
resistance and consequently a significant reduction in lifespan at lower
loads. The increased mobility of the polymer chains, combined with
hydrolytic reactions in PBS, may compromise the structural integrity of
PLA, leading to faster failure at lower stress levels [53]. To investigate
the knee points observed in the creep lifetime diagram, the next chapter
will examine the failure mechanisms in detail and determine whether
transitions in failure mode are associated with these knee points.

3.3. Creep failure modes and failure mechanisms map in PBS solution and
air

To understand the knee points of the creep lifetime plots in both
mediums, the failure mechanisms were closely investigated. In the creep
test in air environment, three failure modes were observed for PLA
depending on the temperature and stress level, namely semi-brittle,
ductile, and mixed modes, which are shown in Fig. 10a. The semi-
brittle mode corresponds to creep failure characterized by minimal
plastic deformation, whereas the ductile failure involves extensive
plastic deformation and large amount of drawing. The intermediate
failure mode, i.e., mixed mode, was also observed. In the scanning
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electron microscopy (SEM) observation, the semi-brittle fracture arises
from the initiation of micro-crazes and growth, and final brittle fracture.
In some specimens with ductile failures, micro-crazes were observed at
the surface; however, these crazes did not grow extensively but rather
exhibited a craze opening.

For PLA creep test failure mechanism in PBS solution, similar to the
air-based creep, three failure mechanisms are observed: semi-brittle,
ductile, and mixed modes as shown in Fig. 11a. However, at higher
temperatures and relatively lower stress levels, distinct surface whit-
ening was observed in the ductile mode in Fig. 11a. It has been observed
that the whitening in PLA material, when exposed to moisture, indicates
hydrolytic degradation [34]. Correspondingly, clusters of micro-pits
were also observed in the microscopic analysis of these whitened spec-
imens. Thus, it can be thought that the elevated temperature and suffi-
cient exposure duration at lower creep stresses not only induce creep
damage but also accelerate hydrolytic degradation of PLA.

Based on this definition of the failure modes, a failure mechanisms
map (FMM) for the air environment testing was suggested with the SEM
observations, depending on the stress level and temperature (Fig. 12).
Within the semi-brittle region (37 °C, 30 MPa), the SEM images show
rapid crack growth with microscopic crazes. This reflects clear brittle
behavior, where the material is characterized by local absorption of
energy while maintaining fracture resistance. In the brittle-ductile
mixed mode region (37 °C, 20 MPa), the coexistence of brittle and
ductile behavior is clear, the material gradually begins to transfer to
ductile failure, but brittle elements remain. This is evidenced by the
micro-crazes and slight necking observed in the SEM images. The ductile
region (45 °C, 14 MPa) is characterized by significant creep deformation
and clear necking at the high temperature and low stress conditions,
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Fig. 13. Failure mode map (FMM) in creep testing immersed in PBS solution, with regard to applied stress level and temperature.

demonstrating the material’s significant deformability and energy ab-
sorption capacity before fracture [54]. At temperatures above 50 °C, the
ductile failure without micro-crazes occurred, above the 8 MPa. How-
ever, the micro-craze initiation and opening become a dominant phe-
nomenon at low stress conditions, as shown in SEM images for 7 and 8
MPa at 50 °C [55]. It is worth noting that the knee point at the
air-environment condition at 50 °C in Fig. 9 is closely related to the
existence of micro-crazing at the ductile failure. That is, even when the
ductile failure mode appears macroscopically identical, the occurrence
of additional micro-crazing at the microscopic level results in a rapid
reduction in creep lifetime, as exhibited by the knee point observed in
the air creep test at 50 °C.

The dominant fracture mechanism in the PBS solution exhibits a
behavior that varies with temperature and stress (Fig. 13). In the semi-
brittle region (37 °C, 30 MPa), the SEM images show brittle fracture
accompanied by crazes. This is attributed to the interaction of hydrolysis
in the PBS solution and stress concentration. A combination of brittle
and ductile behavior is observed in the brittle-ductile mixed mode
(37 °C, 20 MPa), where SEM images show craze with slight necking. In
the ductile region, severe creep deformation and necking are observed.
At relatively high stress levels in the ductile region, micro-damage, e.g.,
micro-crazing, was not observed (45 °C, 14 MPa). Unlike the behavior
seen in the air environment, specimens exposed to PBS solution under
very low stress levels in the ductile failure region, e.g., 45 °C, 3 MPa and
50 °C, 3 MPa did not exhibit mechanical damage such as micro-crazing.
Instead, localized hydrolysis pits were observed on the surface, indi-
cating the hydrolysis-induced chain scission and shrinkage [33,34,48].
SEM images show irregular erosion marks and rough surfaces, indicating
chemical degradation rather than creep-induced damage. This is
because the material surface becomes weaker over time due to hydro-
lysis, leading to a gradual degradation of performance [56].
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The abovementioned FMMs for creep behavior of PLA show that
there are marked differences in the fracture behavior between air and
PBS solution environments due to environmental influences. In air, the
failure mechanism is dominated by mechanical factors, transitioning
from semi-brittle behavior at high stress levels (e.g., 37 °C, 30 MPa) to
ductile behavior at intermediate stress and high temperature (e.g.,
45 °C, 14 MPa), whereas crazes occur at low stress and high tempera-
ture. Conversely, hydrolysis in PBS solutions significantly impacts ma-
terial performance, resulting in surface degradation under low stress and
high temperature conditions (e.g., 45 °C and 50 °C at 3 MPa). SEM
images illustrate these differences, showing sharp crazes and localized
deformation in air, whereas hydrolysis in PBS produces porous and
rough surfaces. These results reinforce the conclusion that PBS solution
accelerates crack initiation, propagation, and overall material weak-
ening compared to air environment. This result should be concerned for
the PLA-based biomedical applications in the human body, requiring
careful design considerations to ensure durability.

3.4. Creep lifetime modeling in PBS solution and air

Based on the creep properties obtained in previous chapters, the
Larson-Miller Parameter (LMP) was applied to predict the long-term
behavior of PLA by considering time, temperature, and environmental
conditions (PBS solution and air). The LMP is a parametric approach
commonly used to extrapolate short-term creep behavior to predict
long-term performance [57,58]. The LMP is defined by the following
equation [59]:

LMP =

-(C+1logty). 2

T
1000

In the above equation, T represents the absolute temperature (K), t; is



S.-H. Woo et al.

@ ,

D oo PBS solution
-JO | oo . ~m
g B
S 10} &
° ﬁ%m&
# 5F o' A
5 &
A o 37°C ° Ry
o 45°C Gt
A 50°C t
11][,0 215 22.0 225 23.0
Larson-Miller parameter (LMP)
C
© 4
= PBS solution
20¢
10t :
Y 1 °
4 5t & Effect of PBS solution ‘E
o & A
i h
@ % a 37°C 5
i o 45°C v
L I
. ' . & SEI'“Cl o
120 22 24 26 28 30 32

®
o

Larson-Miller parameter (LMP)

;8 R PBS solution
20 Tmo- o
U e og
= - ot B e g
. -0 o -
S 10} m ¢ -0
&
g S5t Ao
£ o 37°C %, 2
“ ¢ 45°C g B
2 & soec o,
. Dashed curves: LMP-based prediction
10% 10t 10 100 100 107

Failure time, #;(h)

(b)

[ (] =
[ = =

Stress, o (MPa)
T_J‘

e

Polymer Testing 149 (2025) 108877

- Adr
- ;Iﬂ_ B
' oo,
L ~ﬁi’g"‘;“;_;“"“3.:-,
i
\cﬂ:’.‘
TN
- dmnt
&‘u
o 37°C o
o 45°C v
A 50°C '
8 20 30 31 32

Larson-Miller parameter (LMP)

0.0 ~
0 10 20 30 40 50
Stress, o (MPa)

D 4 .
30t o Aur
70 ::ﬂ_____'n—- -

s Il L=
N R AL Uy
- & Mo . e g o
%-10- ““"“E.JL\ W?"G;.
g 5 he o
= a 37°C "B a
“o o 45°C o
2r & socc “
) Dashed curves: LMP-based prediction
102 10t 10° 100 100 10?

Failure time, 7;(h)

Fig. 14. Larson-Miller parameter (LMP) modeling of creep rupture time in (a) PBS solution and (b) air-environment. The LMP plots for PBS solution and air mediums
are compared in (c). (d) The normalized discrepancy of LMP for PBS solution and air environment against stress level. (e) and (f) compare the LMP-based prediction

(dotted curves) with test data (symbols) in PBS and air environments, respectively.

the creep rupture time (h), and C is a coefficient determined empirically.
To construct a single master curve, experimental data obtained under
various temperature and stress conditions were superimposed by
adjusting the value of C [60]. In case of the PBS solution, the

stress-lifetime plots in d

ifferent temperatures in Fig. 9e collapsed in one

master curve at C of 70 in Eq. (2), as shown in Fig. 14a. The creep
lifetime in the air environment, the parameter C of 93 construct the
stress-LMP master curve as shown in Fig. 14b. That is, the resulting
master curves represent the relationship between stress and the LMP,

integrating time-tempe

rature correlations depending on the creep
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medium.

Based on the collapsed curves for stress-LMP, fitting was performed
using an allometric quadratic equation for each environment, i.e.,

oc=a+ b-LMP"

3

Here, the o represents creep stress, and a, b, and n are the fitting
parameters. For the air environment, the fitting parameters were
determined as a = 41.95, b = — 5.040 x 1075, and n = 10.67. The

fitted result is

denoted by dotted curve in Fig. 14a, where the coefficient

of determination (R-squared) was obtained by 0.9226. For the PBS
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solution condition, the parameters were fitted by a = 53.79,b = —
3.075x 107'3, and n = 10.48, where the fitting curve is shown in
Fig. 14b. The R-squared was determined by 0.9510. Through this fitting
equations, one can estimate the LMP under the arbitrary creep stress at
the air and PBS solution environments, by Eq. (3). Subsequently, the
rupture time t; could be also predicted through Eq. (2).

Fig. 14c illustrates that exposure to PBS solution significantly re-
duces the LMP value at a given stress level, reflecting the markedly
shorter creep rupture time under identical temperature and stress con-
ditions due to the diffusion-induced plasticization or hydrolysis degra-
dation. To investigate the effect of PBS solution corresponding to the
LMP modeling, the ratio of LMP differences according to stress (o) is
shown in Fig. 14d. The normalized difference in the LMP depending on
the medium, defined as (LMPa; — LMPpgs)/LMP;, shows a decreasing
tendency with increasing stress. It indicates that the difference in
degradation rate between the two environments decreases rapidly in the
high-load region. At the lower stress, on the other hand, the contacting
time with the PBS solution during the creep testing becomes increased
significantly, thus the magnified effect of the PBS solution in the lower
stress region is manifested by the increased value of the LMP difference
in Fig. 14d. That is, while the LMP-based model is suitable for predicting
PLA creep life under various conditions, its performance may vary
depending on environmental factors and stress levels. The creep test
results of PLA according to temperature and medium were modeled
using Larson-Miller Parameter (LMP). Figs. 14e—f compare the failure
time experimental data and LMP-based prediction curves under various
stress conditions in PBS solution and air. Through this, it was confirmed
that the LMP model accurately predicts the creep lifetime of PLA.

4. Conclusions

This study is the first to systematically investigate the creep behavior
of PLA in PBS solution. By designing a water-environment creep tester,
we were able to observe both the hydrolysis reaction of PLA and its
failure mode in real time. Furthermore, the comparative creep tests in
PBS solution and air reveal how environmental conditions significantly
affect the long-term performance of PLA. In PBS solution, hydrolysis
accelerated creep deformation and shortened the lifespan, for example,
at 37 °C and 10 MPa stress conditions, the lifespan was 15 h in PBS and
220 h in air. In both media, creep strain increased with increasing
temperature and stress, but this effect was more pronounced in PBS due
to hydrolysis. In addition, high temperature accelerated molecular
mobility and hydrolysis reaction, which accelerated the degradation in
PBS solution, which significantly shortened the lifespan compared to the
oxidative degradation in air. The fracture mechanism analysis results
showed that brittle failure mainly occurred at high load and low tem-
perature in air, but it changed to ductile behavior at low load or high
temperature. In contrast, in PBS solution, hydrolysis accelerated the
failure due to surface degradation and water infiltration into the cracks
formed during the creep.

This study also developed a predictive model using the Larson-Miller
Parameter (LMP) integrated with a Failure Mechanism Map (FMM) to
quantify PLA long-term reliability under various stress and temperature
conditions, addressing actual service conditions of PLA implants by
combining mechanical stress and exposure to body fluid. The LMP-FMM
model provides a quantitative framework for predicting PLA structural
stability in physiological environments, which offers design guidelines
for biodegradable implants subjected to combined stress-hydrolysis
interactions.
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