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Abstract

Poly (lactic acid) (PLA) has received considerable attention as a sustainable and biodegradable alternative to petroleum-
based polymers in recent years. In general, the properties of PLA depend on its molecular chain structure, e.g., linear,
branched, and aggregated structure, e.g., orthorhombic a-form and stereocomplex crystals. However, the evolution of
hierarchical structure triggered by photo-oxidation degradation remain elusive for PLA. Herein, the accelerated photo-
oxidation degradation behaviors of PLA samples with different thermal histories, including quenching (PLA-q), slow
cooling (PLA-c), and annealing (PLA-a), were investigated by several characterization techniques. Compared to PLA-q
and PLA-c, PLA-a exhibits relatively lower rates of molecular chain scission and oxygen-containing groups generation
during the accelerated photo-oxidation process, suggesting that the increase in crystallinity contributes to suppressing the
degradation of PLA. Changes in the molecular chain structure leads to the evolution of aggregation structure. The crystal-
linity of PLA samples, whether slowly cooled or annealed, increases with UV exposure time, which is attributed to the
newly-formed crystals induced by chemi-crystallization. Unexpectedly, although PLA-a exhibits a slower photo-oxidation
degradation rate than PLA-q and PLA-c, it undergoes embrittlement at an earlier stage. Morphological observations of
photo-oxidized samples indicate that the degradation reaction of PLA-a occurs preferentially in the amorphous region,
transforming the molecular chains into volatile products and eventually resulting in the embrittlement of PLA materials.
This research sheds light on photo-oxidation degradation behaviors of PLA, and will serve as a valuable reference for
investigating the degradation of other bio-based polymeric materials.
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Introduction increasing attention among researchers [2, 3]. Compared to

traditional petroleum-based plastics, PLA has the following

The growing concerns regarding the environmental issues
arising from non-degradable petroleum-based polymers
have been prominent in recent years [1]. Polylactide (PLA),
as one of the leading degradable polymers, is gaining
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two main advantages. Firstly, PLA is fully degradable under
composting conditions without posing a threat to the envi-
ronment. Secondly, PLA is made from renewable resources
such as corn starch, tapioca roots, or sugarcane, resulting in
a lower carbon footprint [4, 5]. Furthermore, PLA exhibits
excellent processability, as it can be easily processed using
conventional plastics processing techniques such as extru-
sion, injection molding, film blowing, and fiber spinning
[6, 7]. To data, however, PLA is primarily used in dispos-
able packaging materials, accounting for over 60% of its
usage [8, 9], which does not challenge the dominance of
petroleum-based plastics in various fields such as commod-
ity, transport, and agriculture, etc. The inherent shortcom-
ings of PLA, including poor toughness, and relatively lower
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heat deflection temperature (HDT), are important bottle-
necks that limit its wider applications [10, 11]. Moreover,
the biodegradability of PLA renders it more susceptible to
photo-oxidation, thermo-oxidation and hydrolytic degrada-
tion. The degradation of PLA leads to decrease of molecu-
lar weight, change in color, and drastic loss of mechanical
properties and use value [12—14]. Therefore, investigating
the degradation behavior and mechanisms of PLA is vital to
enhance its durability and prolong its service life [15].
Environmental factors including temperature, humidity
and light intensity, have a direct impact on the degradation
behavior of PLA [16]. The study by Lila et al. [17] showed
that the tensile and flexural moduli of PLA increased and
then decreased with the increase in thermal-oxidation tem-
perature and time. This is because the initial heat treatment
during thermal-oxidation degradation increases the crystal-
linity and grain size of PLA. Moreover, it was reported by
Ndazi et al. [18] that the water absorption and degradation
of PLA/rice hulls composites were increased significantly
at thermophilic temperatures, because the presence of water
vapor can accelerates the hydrolysis of ester groups in the
PLA molecular chains, and leading to a rapid reduction in
the molecular weight [19]. In outdoor environments, rain-
water may contain acids, ionic salts, organic matter, and
other substances, all of which can exacerbate the degrada-
tion of PLA. In addition to environmental factors, the photo-
oxidation degradation characteristics of PLA also depend
on its chemical structure and micro-aggregated structural
states, among which the influences of molecular weight and
crystallinity are most significant. It is generally accepted
that low molecular weight PLA has a relatively lower ther-
mal decomposition temperature and is more susceptible
to degrade under thermal or humid conditions. The main
reason for this phenomenon is that the end groups of PLA
molecular chains play a self-catalytic role in the degradation
process [20, 21]. In contrast to molecular weight, the influ-
ence of crystallinity on the degradation behavior of PLA
remains a topic of debate in the literature. While some stud-
ies have suggested that increasing crystallinity can reduce
the chain segment movement ability of PLA, thereby slow-
ing down the diffusion of oxygen and water molecules and
inhibiting degradation [22, 23], others reject this idea. As an
example, Tsuji et al. [24] discovered that PLA with higher
crystallinity of stereocomplex crystallites is more prone
to embrittle during degradation, which is attributed to the
preferential destruction of molecular chain segments within
the amorphous region caused by photo-oxidation reaction.
In general, despite extensive research on the changes in
the chemical structure of PLA molecular chains induced
by photo-oxidation degradation (e.g., Norrish reactions,
crosslinking, and chain scission) [25, 26], a comprehensive

physical image describing the evolution of the aggregated
state structure is still scarce.

In order to predict the service life of PLA materials and
understand the underlying degradation mechanisms, we
usually need to conduct degradation experiments under
specific conditions. While outdoor weathering tests offer
the most reliable data for PLA durability studies, they typi-
cally necessitate long experimental periods that can extend
to several months [27]. Additionally, the results of environ-
mental weathering experiments are hard to be replicated as
they rely on uncontrolled variables, including atypical hot
or cold weather, persistent rainfall, and strong winds [28].
In contrast to outdoor weathering tests, accelerated degrada-
tion experiments allow the exposure of polymeric materials
to simulated conditions that are somehow related to outdoor
exposure. By monitoring changes in molecular weight or
mechanical properties, or by observing surface deteriora-
tion such as discoloration and erosion, the state and extent
of degradation can be evaluated in a rationally short period
of time, and the key factors that influence the degradation
behavior can be precisely assessed [29, 30]. For the photo-
oxidation degradation of PLA, the execution of accelerated
photo-oxidation experiments on PLA samples with diverse
aggregate state structures is anticipated to reveal the deg-
radation-induced microstructural evolution and its corre-
sponding structure-property relationship.

In the present work, the photo-oxidation degradation
behaviors of PLA under accelerated UV exposure test are
systematically investigated by combining of several char-
acterization techniques including gel permeation chroma-
tography (GPC), Fourier transform infrared spectroscopy
(FT-IR), differential scanning calorimetry (DSC), small
angle X-ray scattering (SAXS) and atomic force microscopy
(AFM). The following aspects are focused: (1) the micro-
structure evolutions of PLA induced by photo-oxidation,
(2) the effects of aggregation structure on photo-oxidation
degradation, and (3) the structure-property relationship of
photo-oxidized PLA. Based on the obtained results, a com-
prehensive model is summarized to describe the structure
evolution and performance deterioration of PLA film during
photo-oxidation, and we believe that this research will be
of meaningful reference to the degradation investigation of
other bio-based polymeric materials.

Experimental Section
Materials and Sample Preparation
The commercial poly(L-lactide) resin (REVODE 190)

used in this study was supplied by Zhejiang Hisun Bio-
materials Co., Ltd. The number-average, weight-average
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molecular weights (M,, and M,,) and polydispersity index
(PDI) of PLLA are 8.4x10* g/mol, 21.3x 10* g/mol and
2.5, respectively.

Prior to the melt processing, the PLA resin was dried at
80 °C in vacuum oven for 12 h to remove water traces. PLA
films for photo-oxidation degradation experiments were
prepared by compression molding via three different routes,
including melt quenching, slow cooling, and annealing after
melt quenching, as illustrated in Scheme 1. The obtained
PLA films were denoted as PLA-q, PLA-c, and PLA-a,
respectively. For PLA-q, the specific preparation process is
as follows. PLA pellets were preheated at 200 °C for 3 min
and then hot-pressed at 5 MPa and 200 °C by using labora-
tory-made hydraulic press. After that, the molten film was
rapidly immersed into ice-water mixture to obtain a solidi-
fied film with thickness of ca. 100 pm. In the case of PLA-a,
it can be produced by annealing the quenched PLA film, i.e.,
by hot pressing the PLA-q film at 120 °C for 15 min. More-
over, the preparation procedure of PLA-c was similar to that
of PLA-q except that the molten PLA film and stainless-
steel mould were transferred together to another hydraulic
press and were cooled at a cooling rate of 10 °C/min. The
thickness of PLA-a and PLA-c was also ca. 100 um.

Photo-Oxidation Degradation Procedure

The accelerated UV degradation tests of PLA-q, PLA-c and
PLA-a were carried out in a Scientz03-II ultraviolet cross-
linker (SCIENTZ, China) equipped with 5 UV-B lamps
(G8TSE, Sankyo-Denki, Japan), which emits ultraviolet
rays between 280 and 360 nm (peak at 305-315 nm). It
was measured by ultraviolet radiometer (SENTRY ST-513,
China) that the light intensity on the lower surface of the

Scheme 1 Preparation procedure
of PLA films with different ther-

UV irradiation chamber was ca. 10 mW/cm?. PLA films
were placed in the middle of the UV irradiation chamber
before the accelerated UV degradation test and were taken
out from the chamber at an interval of 20 h to investigate the
photo-oxidation degradation behaviors.

Characterization

The transmission mode Fourier-transform infrared (FTIR)
spectra of photo-oxidized PLA films were collected on a
Bruker tensor 27 infrared spectrometer (Bruker, US) in the
wavenumber range from 4000 to 600 cm™! with a 4 cm™!
resolution. 32 scans were performed for each spectrum at
room temperature. To avoid the influence of thickness, the
collected FTIR spectra were normalized by the reference
band at 2997 cm™! (characteristic band of C-H stretching
vibration). The anhydride group content was quantitatively
determined by statistically analyzing the height of the spec-
tral bands located at 1845 cm™" (A g45) in the FTIR differen-
tial spectra. Furthermore, to obtain more detailed chemical
structure-related information, PLA samples were dissolved
in chloroform and then cast onto potassium bromide (KBr)
crystal substrates for transmission mode FTIR measure-
ments. The measurements were conducted with a resolution
of 2 cm™! and 32 scans.

Gel permeation chromatography (GPC) analyses were
conducted on a Waters GPC equipped with Shodex KD804
column, 515 HPLC pump and 2414 RI detector. DMF was
used as the mobile phase at a flow rate of 1 mL/min, and PS
standard was used for molecular weight calibration. Sam-
ples were dissolved in DMF with concentration of 15 mg/
ml before GPC measurements.

Differential scanning calorimetry (DSC) measurements
were performed by using a TA Q2000 DSC instrument
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under an ultra-high purity nitrogen atmosphere. Samples
were heated from 0 to 200 °C at a heating rate of 10 °C/
min, held at this temperature for 3 min, then cooled to 0 °C
and second heated to 200 °C at a rate of 10 °C/min. The
glass transition temperature (T,), cold crystallization tem-
perature (T,), cold crystallization enthalpy (AH,), melting
temperature (T,,) and melting enthalpy (AH,,) of samples
were determined from the first heating DSC scans.

Two-dimensional ~ wide-angle  X-ray  diffraction
(2D-WAXD) and small-angle X-ray scattering (2D-SAXS)
measurements were carried out on a Xeuss 2.0 h SAXS/
WAXS system (Xenocs SA, France) equipped with a
multilayer focused Cu Ko X-ray source and a semicon-
ductor detector (Pilatus 300 K, DECTRIS, Switzerland).
The distance between sample and detector was 170 and
2500 mm for WAXD and SAXS measurements, respec-
tively. 1D-SAXS and 1D-WAXS curves were obtained by
azimuthal integration of the 2D patterns after background
subtraction. The crystallinity of samples was determined by
peak fitting method, and the long period values of samples
were calculated according to Braggs law, Lpy=27/q, here g is
the peak position on 1D scattering curves.

The morphology of exposed surface was characterized
by using atomic force microscope (Multimode 8 AFM,
Bruker Nano, USA) with Bruker ScanAsyst-Air silicon can-
tilever tips in the ScanAsyst mode under ambient condition.
The resonance frequency and spring constant of tips were
70 kHz and 0.4 N/m, respectively.

Tensile properties were obtained using a Instron 5943
universal test machine. Before tests, PLA films were cut
into rectangular samples with length in 30 mm and width in
5 mm and were conditioned at 23 °C and 50% RH (relative
humidity) for 24 h. Tensile tests were performed at a cross-
head speed of | mm/min at room temperature.

Results and Discussion

Effect of Photo-Oxidation Degradation on the
Chemical Structure of PLA

FTIR spectroscopy technique is very sensitive to the for-
mation and accumulation of degradation by-products, i.c.,
hydroperoxides or oxygen-containing functional groups
such as carbonyl, anhydride, and carboxyl groups, dur-
ing polymer degradation, and thus can assess the extent of
degradation quantitatively. In the present work, the photo-
oxidation induced chemical structure evolution of PLA
samples with different thermal history was first investigated
by using IR spectroscopy. As shown in Figure S1, the inten-
sity of most absorption bands in the transmission mode

FTIR spectra of PLA films exceeds the upper limit of the IR
detector because the PLA films are too thick. However, it is
hard to identify the absorption bands of degradation prod-
ucts, even with an UV exposure time of 120 h. The main
reason for this phenomenon is that most of the degradation
products associated with the chain scission contain carbonyl
groups, which overlap with the intrinsic PLA carbonyl IR
band located in the 1700-1750 cm™ ' region.

In order to amplify the differences between the spectra,
the spectrum of original PLA was subtracted from the spec-
tra of photo-oxidized PLA, and the corresponding differ-
ence spectra are illustrated in Fig. 1. It can be found that two
positive peaks located at 1845 cm™! and 1648 cm™! appear
in the difference spectra, and the intensity of these two
peaks increases with the duration of UV exposure. Accord-
ing to the previous reports, the above-mentioned two peaks
correspond to anhydride group and vinyl unsaturation group
[31, 32], respectively, both of which are associated with the
photo-oxidation of PLA. The appearance of the absorption
band of anhydride group implies that the photo-oxidation
degradation of PLA films in the present work mainly fol-
lows a hydroperoxide decomposition mechanism proposed
by Bocchini et al. [33]. Several steps, including the forma-
tion of peroxide radical and hydroperoxide, the photolysis
of hydroperoxide, and the [-scission of alkoxyl radical
(PO-) which yields carboxylic group, carbonyl radical, and
anhydride group, are involved in this mechanism. On the
other hand, the well-known Norrish II degradation reaction
mechanism, i.e., the breakage of C-O bond, followed by the
formation of hydroxide (OH) group and C=C bond at new
terminals, also exists in the photo-oxidation of PLA [34].

Based on the IR results, the variation of the intensity of
the spectral band at a wavenumber of 1845 cm™! (A g5)
with UV exposure time was recorded and plotted in Fig. 1d
to visualize the differences in the accumulation of degrada-
tion products among various samples. For both PLA-q and
PLA-c, the value of A5 increases rapidly with the pro-
longation of time and reaches 0.23 and 0.16, respectively,
when the UV exposure time is 120 h. For PLA-a, however,
the A gy first increases with time and then remains almost
constant, which means that the formation of degradation
products in PLA-a is somewhat inhibited when the photo-
oxidation degradation reaction proceeds to a certain extent.

In addition, conducting transmission mode FTIR mea-
surements directly for PLA film can lead to saturation of
the intensity of partial absorption bands. Therefore, we also
dissolved the samples in chloroform and cast them onto
KBr crystal substrates for FTIR measurements. As shown
in Figure S2, the absorption bands located in the infrared
fingerprint region are almost unchanged with UV exposure
time, indicating that the fundamental chemical structure
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of PLA remains largely unaffected. However, the intensity
of the absorption band at 1758 cm™!, corresponding to the
carbonyl group in the PLA molecular chain, decreased with
prolonged photo-oxidation time, which reflects the cleav-
age of ester bonds in the molecular chain induced by photo-
oxidation degradation. In comparison to PLA-c and PLA-a,
the carbonyl absorption bands in the IR spectra of PLA-q
exhibits a more pronounced tendency to diminish, indicat-
ing a higher probability of molecular chain scission. This
analysis is consistent with the GPC results. As illustrated in
Fig. 2, the weight-average molecular weight (M,,) of unaged
PLA samples is basically the same, all around 2.1x 10* g/
mol, which implies that the PLA film maintains a consistent
molecular chain structure before accelerated photo-oxida-
tion tests, i.e., slow cooling or annealing does not lead to
the severe thermal degradation of PLA-c and PLA-a. After
UV irradiation, the M, of all three PLA samples decreases
with UV exposure time, which is direct evidence for the ran-
dom chain scission of PLA. Moreover, it can be found that
PLA-a exhibits relatively higher M, when the UV exposure
time exceeds 20 h, while the M,, of PLA-q is always the
lowest.

Degradation-Induced Microstructural Evolution of
PLA

The aggregated state structure of semi-crystalline poly-
mers plays a crucial role in the photo-oxidation degradation
behavior [35]. To explore the difference in the initial aggre-
gated state structure of PLA-q, PLA-c and PLA-a, as well as
the structural evolution induced by degradation, DSC mea-
surements were conducted on samples with increasing UV

Fig. 3 First heating DSC curves

exposure time. Several transition processes, including glass
translation at ca. 60 °C (the small endothermic peaks origi-
nate from the physical aging of amorphous PLA), cold crys-
tallization at ca. 110 °C and melting at ca. 170 °C appear
sequentially in the first heating DSC curves (Fig. 3a and c).
Based on the obtained DSC curves, the effects of UV expo-
sure on the cold crystallization temperature (T.,) and melt
temperature (T,,) are determined and presented in Fig. 3d.

For PLA-q and PLA-c, cold crystallization peaks can
be observed during the first heating process, and the T, of
both samples decreases with increasing exposure time when
the UV exposure time exceeds 20 h. We believe that the
decrease in T, is related to the molecular weight reduction
of PLA caused by photo-oxidative degradation because pre-
vious studies have shown that low molecular weight PLA
exhibits a relatively higher crystallization rate within a
certain range of molecular [36]. Unlike PLA-q and PLA-c,
there is no cold crystallization peak in the first heating DSC
curves of PLA-a, because it can crystallize adequately dur-
ing annealing process.

The melting peak of semi-crystalline polymer can pro-
vide more information related to the crystal region, includ-
ing crystal form, crystallinity and lamellar thickness [37].
On can find that the melting peaks of PLA-q and PLA-c
shift towards lower temperatures with increasing UV expo-
sure time, and shoulder peaks appear to the left of the main
melting peaks. According to the well-accepted Thomson-
Gibbs equation [38], the T,, of semi-crystalline polymer
depends on the lamellar thickness. Therefore, the reduction
in T, suggests that photo-oxidized PLA-q and PLA-c are
less prone to form thick lamellae during the cold crystal-
lization. Combining the IR results that the photo-oxidation

of PLA-q (a), PLA-c (b) and (a)
PLA-a (¢) with various UV expo-
sure time. (d) The effects of UV
exposure time on the cold crystal-
lization temperature and melting
temperature of photo-oxidized
PLA samples
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Fig.4 (a) 1D-SAXS curves

of unaged and photo-oxidized
PLA-a with different UV expo-
sure times. (b) Illustration of
the microstructural evolution of
PLA-a induced by photo-oxida-
tion degradation
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degradation of PLA generates carbonyl and anhydride
groups, it is believed that the crystallizability of aged PLA
is related to the regularity of molecular chains. Specifically,
the chemical irregularities generated by photo-oxidation
degradation reduce the stercoregularity of PLA molecular
chains and accordingly hinder 105 helical conformational
arrangements, therefore, PLA molecular chains crystal-
ize into relatively thinner lamellae. On the other hand, the
photo-oxidation degradation has comparatively less effect
on the T,, of PLA-a compared to PLA-q and PLA-c. The
T,, of PLA-a is reduced by ca. 6 °C even when the UV
exposure time reaches 120 h. This phenomenon suggests
that the photo-oxidation degradation occurs mainly in the
amorphous region and does not easily destroy the crystal-
line region of PLA.

The DSC results show that PLLA undergoes several phase
transition processes such as cold crystallization and melt-
recrystallization during heating, which may bring consider-
able error to the calculation of crystallinity. Consequently,
we further performed wide-angle X-ray diffraction (WAXD)
measurements for PLA samples with different UV exposure
times (Figure S3). The absence of any diffraction peaks in
the WAXD curves of PLA-q indicates that all PLA-q sam-
ples, either unaged or photo-oxidized, are in amorphous
state. In contrast, a small diffraction peak at 26=16.5°,
originating from the (110/200) plane of a-form crystal of
PLA, can be observed in the WAXD curve of unaged PLA-
¢, suggesting that PLA can crystallize during slow cooling,
but with relatively low crystallinity. Moreover, the intensity
of the diffraction peaks increase slightly with UV exposure
time, which may be due to chemical crystallization caused
by photo-oxidation degradation, i.e., the recrystallization of
molecular segments released by chain scission [39].

As shown in Figure S3c, the WAXD curve of origi-
nal PLA-a have several characteristic diffraction peaks at
20=14.8°, 16.8°, 19.1° and 22.4°, corresponding to the
(010), (200/110), (203) and (015) planes of the orthorhom-
bic a-form crystal of PLA, respectively. The shape of the
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1D-WAXD curves remains unchanged upon photo-oxida-
tion degradation, which means that the chemical irregu-
larities induced by degradation do not affect the inherent
lattice parameter of PLA crystal. By utilizing the peak-fit-
ting method [40], the crystallinities of unaged and photo-
oxidized PLA-a are determined and illustrated in Table S1
and Figure S3d. One can find that the crystallinity gradually
increases with UV exposure time. In addition to the chemi-
cal crystallization process mentioned above, the erosion of
the amorphous region due to photo-oxidation degradation
may also be responsible for this phenomenon.

In addition to WAXD, small-angle x-ray scattering
(SAXS) was also employed to elucidate the lamellar struc-
ture evolution of the crystalline PLA induced by photo-oxi-
dation degradation. As shown in Fig. 4a, a scattering peak
can be observed at q=0.3 nm™' in the 1D-SAXS curve of
unaged PLA-a. This peak originates from the difference in
electron density between crystalline and amorphous regions
of PLA, and is commonly regarded as direct evidence of the
lamellar structure [9]. As the UV exposure time increases,
the intensity of the scattering peak gradually decreases. This
result seems confusing, as WAXD analysis indicates that the
crystallinity of PLA-a does not decrease, but rather increase
after photooxidative degradation. Taking into account the
impact of photo-oxidation on the chemical structure of
PLA, we believe that the decrease in scattering peak inten-
sity is mainly attributed to the following two factors. Firstly,
photo-oxidation degradation induces the generation of
oxygen-containing functional groups. Although the amount
of oxygen-containing functional groups formed in PLA-a
is lower than in PLA-q and PLA-c, most of the functional
groups are concentrated in the amorphous region, leading to
areduced difference in electron density between the crystal-
line and amorphous regions.

Secondly, the newly formed imperfect crystals, which is
caused by chemi-crystallization, may not be located on the
surface of existing lamellae, but rather within the bulk of
amorphous region, as depicted in Fig. 4b. This speculation
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can be confirmed by the shift in the position of the scattering
peak. One can find that the scattering peak shifts towards
higher q value as the photo-oxidation progresses. Accord-
ing to the Braggs law (L,=2r/q, where L, is the long period
of two-phase lamellar structure and ¢ is the position of the
scattering peak in 1D-SAXS curve), it can be deduced that
the L, decreases with the progress of photo-oxidation [35].
This means that the newly formed crystals occupy a portion
of the amorphous region, which in turn reduces the degree
of order in the two-phase structure consisting of lamellar
and amorphous regions.

Structure-Property Relationship of Photo-Oxidized
PLA

The embrittlement induced by random chain scission is a
sensitive index for evaluating the degree of degradation in
a broad range of degradation processes, including photo-
oxidation, thermal oxidation, and hydrolysis [41]. In this
study, the tensile properties of photo-oxidized PLA were
investigated, Fig. 5a demonstrate the variations in Young’s
modulus as a function of UV exposure time. Unaged PLA-a
exhibits relatively higher Young’s modulus (ca. 1.8 GPa)
than the other two samples, because molecular chains in
crystalline region are densely packed, allowing them to
endure the loaded stress. With the prolongation of UV irra-
diation time, although the crystallinity slightly increases,
the Young’s modulus of both amorphous and crystalline
PLA samples remains almost unchanged.

The elongation at break (&) of PLA samples with differ-
ent UV exposure times is plotted in Fig. 5b. The values of
€ show a certain dispersion, which is due to the following
two factors. Firstly, the samples for tensile tests are PLA
films with a thickness of ca. 100 um. Therefore, stress con-
centrations are prone to occur during the tensile process.
Secondly, PLA itself is brittle, and photo-oxidative degra-
dation may further exacerbate embrittlement. In contrast
to the Young’s modulus, the elongation at break of PLA

Fig. 5 Evolution of the Young’s

undergoes a significant reduction with the increase of UV
exposure time, displaying a typical embrittlement phenom-
enon attributable to photo-oxidation degradation. Notably,
the variation of € induced by degradation is substantially
influenced by the aggregation structure of PLA. The initial &
value of PLA-a is 4.3%, obviously lower than that of PLA-q
(8.7%) and PLA-c (9.5%). Moreover, PLA-a undergoes
embrittlement earlier during photo-oxidation degradation
process. When the UV exposure time exceeded 60 h, PLA-a
becomes so brittle that it is no longer able to withstand ten-
sion test, whereas the other two PLA samples still maintain
a certain degree of flexibility.

In general, the degradation-induced embrittlement of
polymers is caused by two main factors, the first is the ran-
dom chain scission, especially the breakage of tie molecular
chains interconnecting the lamellae, followed by the forma-
tion, growth and propagation of cracks, which is induced by
the release of internal stress [42, 43]. For PLA samples with
different aggregation structures, the degrees of photo-oxi-
dation degradation and embrittlement are not entirely syn-
chronized. Embrittlement is more prone to occur in PLA-a,
although IR and GPC results indicate that this sample has
a slower photo-oxidation degradation rate. Combining the
above-mentioned structural evolution model (Fig. 4b), we
speculated that this phenomenon is related to the preferen-
tial occurrence of photo-oxidation reactions in the amor-
phous region. Specifically, although the degradation rate of
crystalline PLA is relatively slow, the breakage of molecu-
lar chains and the accumulation of degradation by-products
are mostly concentrated in the amorphous region, resulting
in a rapid reduction in the number of tie-macromolecules,
which in turn leads to a dramatic decrease in the elongation
at break.

The preferential occurrence of photo-degradation in
the amorphous region of semi-crystalline polymers can be
attributed to the following aspects. Firstly, the amorphous
regions typically offer greater mobility and accessibility to
environmental factors, such as oxygen and UV radiation,

modulus (a) and elongation at (a)“ (b)
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Fig.6 AFM height images of unaged PLA-q (a, a’) and photo-oxidized PLA-q with UV exposure time of 120 h (b, b")

which can promote degradation processes. Secondly, the
amorphous regions often contain more structural defects
and chemical impurities, making them more susceptible
to degradation reactions. Additionally, the lower packing
density and lower degree of order in the amorphous regions
make them more prone to the initial attack by photochemi-
cal processes. Based on the differences in photo-oxidation
degradation behavior among PLA-q, PLA-c, and PLA-a,
we believe that controlling the orientation degree through
uniaxial or biaxial stretching may be a feasible strategy to
improve the durability and service life of PLA films.

To gain deeper insights into the structure-property rela-
tionships of photo-oxidized PLA, atomic force microscopy
(AFM) was employed to observe the morphology of PLA
films. AFM height images of the initial PLA-q and PLA-q
with 120 h UV exposure are displayed in Fig. 6a and b,
respectively. The surface roughness values determined by
AFM are listed in Table S2. Striped morphology appears
on the surface of unaged PLA-q, which originates from
the polyimide films used during the hot-pressing process.
Upon magnifying the selected region (Fig. 6a’), one can find
that the sample exhibits a coarse-grained texture, which is

@ Springer

basically similar to the surface morphology of other semi-
crystalline polymers [30]. When the UV exposure time
reaches 120 h, photo-oxidation degradation causes the initial
coarse-grained texture to become less prominent (Fig. 6b’),
with the surface roughness decreasing from 3.79 nm to
3.14 nm, but no cracks or voids appear on the surface of
PLA-q. This phenomenon suggests that the photo-oxidation
degradation reaction follows a surface erosion mechanism
and occurs uniformly over the entire surface of PLA-q
rather than being concentrated in specific areas.

The morphology evolution of PLA-a with UV exposure
time is shown in Fig. 7. The surface morphology of unaged
PLA-a (Fig. 7a and a') is generally identical to that of PLA-
g, which means that the surface morphology of hot-pressed
polymer films mainly depends on the substrates used in the
hot-pressing process, rather than the annealing process.
With the increase of UV exposure time, lamellar structures
gradually appear (Fig. 7b and b’). For the PLA-a irradiated
by UV light for 120 h (Fig. 7c and b’), the original striped
structures completely disappear, and the exposed lamellae
and cracks fill the entire field of view. These results provide
direct evidence that the degradation reaction can transform
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Fig.7 AFM height images

of unaged PLA-a (a, a") and
photo-oxidized PLA-a with UV
exposure time of 60 h (b, b") and
120 h (c, ¢

partial molecular chains in the amorphous region into vola-
tile products, which plays a similar role to chemical etching
[44].

The morphological characterization allows us to bet-
ter interpret the variation of mechanical properties of PLA
samples with the extent of photo-oxidation degradation. In
the case of quenched PLA (PLA-q), despite its faster deg-
radation rate, photo-oxidation degradation does not signifi-
cantly damage its structure in specific regions. This leads
to a gradual decrease in the elongation at break of PLA-q
with increasing UV exposure time. On the other hand, for
annealed PLA (PLA-a), although the increase in crystallin-
ity due to annealing slows down the overall photo-oxidation
degradation rate, the degradation reaction is concentrated
in the amorphous region. The reduction in chain scission
decreases the number of tie chains, resulting in a rapid
decrease in the elongation at break of PLA.

Conclusions

In the present work, the effects of photo-oxidation degra-
dation on the chemical structure, aggregation structure
and mechanical properties of PLA are investigated under
an accelerated degradation condition. Results reveal that
annealed PLA exhibits less degradation by-products accu-
mulation and higher molecular weight compared to quenched
and slow cooled PLA samples with same UV exposure time,
which indicates that the increase in crystallinity plays a cru-
cial role in suppressing the photo-oxidation degradation
of PLA. Furthermore, the changes in the molecular chain
structure leads to the evolution of aggregation structure, the
photo-oxidation degradation of PLA is accompanied by the
re-crystallization of released segments in amorphous region
and the erosion of original thick lamellae. Interestingly,

despite the fact that annealing reduces the photo-oxidation
rate of PLA, annealed PLA undergoes embrittlement at an
earlier stage than that of quenched or slow cooled samples.
Based on the morphological observations, this phenomenon
is thought to be related to the preferential occurrence of deg-
radation reactions in the amorphous region. The degradation
transforms the molecular chains into volatile products and
eventually resulting in a significant reduction in flexibility.
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