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Abstract. Poly(lactic acid) (PLA) has been found to be important in various applications, such as in the medical, pharmaceutical, and packaging industries. However, the long-term associated degradation process of PLA is a limiting factor for
some applications. Therefore, in this research, the influence of corona and radio-frequency (RF) surface plasma treatment
on the degradation of PLA in accelerated weathering tests was studied. The accelerated weathering test was applied using
standard UV irradiation for up to 2000 h. The morphological/topographical, chemical, crystallization, mechanical, and thermal changes were analyzed after 500, 1000, and 2000 h of accelerated weathering time. The introduction of the polar functional groups caused by plasma treatment on the PLA surface improved its wettability, and therefore, hydrolytic degradation
was promoted over the accelerated weathering time. It was revealed that the plasma treatment enhanced the hydrolytic and
UV degradation of the PLA, as was confirmed by investigation of the physical, chemical, mechanical, and thermal properties.
Moreover, the RF plasma was more pronounced than the corona plasma in the degradation of the PLA. Such an approach
represents a pathway to promote and tailor PLA degradation.
Keywords: biodegradable polymers, plasma treatment, accelerated degradation, wettability, mechanical properties

1. Introduction

for oil-based polymers. Despite the fact that the biodegradation of PLA takes place in the soil, where humidity and microorganisms exist, a period longer than
two months is still required for its decomposition
[11]. Thus, several studies have been conducted in
recent years looking for more efficient methods to
accelerate the degradation rate of PLA through the
use of microorganisms [12], fillers and fibers [11,
13–17], wet solutions [18–20], and UV catalyzers
[2, 8, 21] to control the degradation process in different media.
Another strategy to tailor a polymer material is a
chemical modification by introducing specific functional groups on the surface. The most common are
wet chemical processes, which are fast and cheap.
However, most of them show more undesirable effects than advantages, such as the toxicity of some solutions and hazardous chemical waste, non-homogeneous irregularity of the surface due to etching and

Poly(lactic acid) (PLA) is an aliphatic thermoplastic
polyester that is considered environmentally friendly. It is derived from renewable plant resources and
offers properties comparable to petrochemical-based
polymers, but it is biodegradable [1–4]. However,
PLA has a very slow biodegradation rate at temperatures less than its Tg [2, 5–7]. In terms of its physicomechanical properties, PLA is a favorable polymer
with good mechanical properties, exhibiting good
strength and modulus but low thermal stability [8].
In fact, this polymer is useful for different applications, such as for medical uses, for pharmaceuticalcontrolled release, and in biodegradable packaging
due to its excellent biocompatibility and biodegradability under appropriate conditions [7, 9, 10].
Knowledge of the degradation of PLA is crucial for
treating plastic waste and easing the severe plastic
crisis, as PLA has been proposed as an alternative
*
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2. Experimental
2.1. Materials

erosion, as well as a loss of mechanical properties.
In contrast, solvent-free techniques involving dryroute strategies such as ozone oxidation, gammaand UV-radiation, and plasma treatments should be
considered for the incorporation of functional groups
on the surfaces of biodegradable materials [22].
The surface modification of biodegradable polymers
using low-temperature plasma discharge can positively affect the (bio)degradability of biomaterials.
Plasma treatment is responsible for an increase in wettability, which results in an enhancement of the biodegradability through the incorporation of new polar
functional groups, such as the hydroxyl, carboxyl, and
carbonyl functional groups, into the polymer backbone chain. Chang and Chian [23] confirmed that
plasma-modified chitosan films possess enhanced
biodegradability compared to unmodified chitosan
films. This behavior is caused by the metabolization
of more hydroxyl and carboxylic acid groups during
biodegradation, which are incorporated onto the surface during the plasma treatment process. Fabbri et
al. [24] used low-temperature plasma to modify the
surface of a poly(butylene succinate)-based copolymer, which improved the hydrolytic degradation rate
and the biocompatibility. Plasma etching was responsible for an enhancement in the polymer wettability,
resulting in an increased hydrolytic degradation rate,
while the bulk properties remained unchanged. Song
et al. [25] studied the effects of low-temperature
plasma treatment on the biodegradable and physicochemical properties of PLA during 56 days of storage time. The wettability, photodegradation, thermal,
and microbial biodegradability properties of the
modified PLA films were remarkably enhanced.
There are only a few studies related to the effect of
plasma treatment on the degradation of PLA. Herein,
and to the best of our knowledge, this study is the
first to combine both plasma treatment with accelerated weathering degradation of PLA. The effect of
two different types of plasma treatment on the accelerated weathering degradation of PLA across 2000 h
was extensively studied. Corona and radio-frequency (RF) plasma treatments were applied to treat the
PLA surface in order to promote the degradation
process. The samples were analyzed by various analytical, spectroscopic, and microscopic techniques
to investigate the chemical, physical, and mechanical
changes in the combined effect of plasma treatment
and accelerated weathering degradation.

The PLA used in this study was a biopolymer with
a high molar mass (Ingeo™ Biopolymer 2003D),
obtained from NatureWorks, LLC (Minnetonka,
MN, USA). It was transparent with a density of
1.24 g·cm–3, a melt flow index of 6.0 g/10 min
(2.16 kg and 210 °C), a glass transition of ~55 °C,
and a melting temperature of ~150 °C.
Ethylene glycol (>98% FLUKA, Morris Plains, New
Jersey, USA), formamide (>98% FLUKA), and ultrapure water (prepared by Purification System Direct
Q3, Millipore Corporation, Molsheim, France) were
used as the testing liquids for the wettability analyses.

2.2. Sample preparation
The neat PLA was placed between two stainless steel
plates covered by a release foil and molded into
1 mm thick sheets at 170 °C for 5 min using a mounting hot press machine (Carver, Inc., Wabash, Indiana,
USA) at a pressure of 50 bar. The sheets were allowed to cool down by water to room temperature
and then cut into dumbbell and rectangular shapes
as further described.
2.3. Plasma treatment
The corona CVE-L system (Softal, Germany), working at atmospheric pressure, was used for the surface
treatment of the PLA samples under dynamic conditions. This system generates corona discharge in an
air atmosphere using a 7010 generator (Softal, Germany) with a maximum of 300 W of nominal power
and a 20.8 kHz frequency at 8.4 A of output current.
The corona system consists of a set of powered metal
electrodes embedded in a ceramic insulator for the
optimal isolation of high voltage, allowing treatment
of a 29.70×1.35 cm2 surface area. A planar sample
holder made of porous aluminum with suction control kept the samples in the right position during the
treatment. A high-efficiency catalytic ozone removal
system was part of this system for an efficient ozone
extraction, ensuring a safe working environment.
The plasma treatment process of the PLA samples
was optimized in terms of treatment times that varied
from 1 to 12 s using 300 W of nominal power, and
1 mm was the distance between the electrodes and
the sample holder.
A Venus75-HF plasma system (PlasmaEtch, USA),
working under vacuum (~27 Pa) and at a 13.56 MHz

726

Antunes et al. – eXPRESS Polymer Letters Vol.15, No.8 (2021) 725–743

frequency, was used for the surface treatment of the
PLA samples under static conditions. This equipment consisted of a cylindrical chamber made of aluminum (25 cm in diameter and 28 cm depth). A capacitive parallel plate design allowed generating
nominal power with a maximum of 120 W. All of the
operational parameters were fully controllable by the
PC software, such as the treatment time or nominal
power, for achieving an optimal plasma treatment
process of the samples. The RF plasma treatment of
the PLA samples was first optimized in terms of various treatment times (15–180 s) prior to the accelerated degradation studies.

model [26] by application of a geometric mean
(Equation (2)). The subsequent substitution in
Young’s equation (Equation (3)) was used to obtain
a linear equation of the type y = mx + c (Equation (4)), which was used for the evaluation of the
surface free energy of the prepared and treated polymer nanocomposite samples:

2.4. Accelerated weathering aging
Accelerated weathering of the plasma-treated samples, i.e., the corona- and RF-treated PLA samples,
were conducted in an accelerated weathering tester
QUV/se model (Q-LAB, Westlake, Ohio, USA). The
weathering conditions followed the Cycle-C of the
ASTM D4329 standard. Fluorescent UV lamps
(UVA-340) with a 0.76 W·m–2 irradiance (a 340 nm
wavelength) were used with cycles of 8 h UV irradiation at 50 °C, followed by 4 h of dark at 50 °C
under 100% condensing humidity. These consecutive cycles were applied to the specimens attached
to the test panels without any interruption. The effects of the accelerated weathering were investigated
for four exposure periods: 0, 500, 1000, and 2000 h.
Samples were collected for analysis after each period, and they were designated as ‘PLA/xh’, ‘PLA/
Corona/xh,’ or ‘PLA/RF/xh’ for the neat, corona-,
and RF-treated PLA samples, respectively, where x
denotes the accelerated weathering period in hours.

cl Q1 + cos iV

cs = csp + csd

(1)

csl = cs - cl - 2 csd cld - 2 csp clp

(2)

cs = csl + cl cos i

(3)
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p
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d
d + cs
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where (γsp) and (γsd) are the polar and dispersive parts
of the surface energy of the solid (γs), respectively,
and (γlp) and (γld) are the polar and dispersive parts
of the surface tension of the liquid (γl), respectively.
The reported value for each testing liquid corresponds to the mean of at least five measurements
taken on different parts of the substrate surface.

2.5. Wettability analysis
A video-based optical contact angle measuring system, i.e., OCA35 (DataPhysics, Germany), was used
to measure the surface wettability changes of the PLA
samples after plasma treatment, and the aging effect
was measured using the sessile drop technique. Testing liquids with different surface tensions, such as
water, formamide, and ethylene glycol, were used to
evaluate the surface free energy of the untreated and
treated samples to determine their wettability. A 3 µl
volume of testing liquids was used to eliminate gravitational effects. Surface free energy (γs), including
its polar (γsp) and dispersive (γsd) components (Equation (1)), were evaluated with the SCA20 software
using the Owens–Wendt–Rabel–Kaelble regression
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2.6. Surface morphology analysis
The surface morphology changes of the plasmatreated and degraded samples were investigated using
scanning electron microscopy (SEM). The Nova
NanoSEM 450 (FEI, USA) SEM equipment was used
for this purpose. A very thin Au layer (a few nanometers) was sputter-coated onto the sample surface
to ensure a high resolution of the resulting SEM images in 2D scale as elimination of electron accumulation on the analyzed surface.
Detailed information about the surface topography
of the PLA samples in 3D scale was obtained using
atomic force microscopy (AFM). The MFP-3D (Asylum Research, USA) AFM device, using an AC160TS
silicon probe (Al reflex-coated Veeco model;
OLTESPA, Olympus, Japan), was employed to capture high-resolution AFM images (512×512 points)
using a non-contact tapping mode in air under ambient conditions. The surface roughness was also
evaluated by the Ra parameter considering the average height of the irregularities relative to the sample
surface in a perpendicular direction. Moreover, the
height variations on the surface (z-axis) were evaluated by line profiles from ZSensor.
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The PLA samples (5–10 mg) were heated from 30
to 160 °C at 10 °C·min–1. The melting enthalpies of
the PLA samples were determined from the DSC
curves, and Equation (5) was used to calculate the
degrees of crystallinity of the samples, where ΔHm
is the measured melting enthalpy, ΔHcc is the measured cold crystallization enthalpy (which has a negative value because crystallization is exothermic –
therefore using |ΔHm| and |ΔHcc| in the Equation (5)),
and ΔH°m is the enthalpy of melting of the 100%
crystalline polymer, with a value of 93.6 J·g–1 for
PLA [27]:

2.7. Structural analysis
X-ray diffraction (XRD) analyses were performed
using an Empyrean (Panalytical, Almelo, The Netherlands) equipped with a Cu Kα (λ = 0.1540 nm) source
to analyze structural properties of the PLA samples
in terms of crystalline and amorphous phases. The
XRD generator was operated at 40 mA and 45 kV.
Samples were scanned from 5 to 80° at a scanning
rate of 0.0130° 2θ.
2.8. Chemical composition analysis
Qualitative analyses of the chemical composition
changes in the PLA samples after plasma treatment
and accelerated weathering were carried out by
Fourier transform infrared spectroscopy (FTIR) using
an attenuated total reflectance accessory. FTIR Spectrometer Frontier (PerkinElmer, MA, USA) was used
for obtaining the spectra in the middle infrared region (4000–400 cm–1) using a ZnSe crystal, allowing
a 1.66 µm penetration depth with an average of
8 scans and a resolution of 4 cm–1. Good contact between the analyzed samples and the crystal was ensured using a pressure clamp, allowing to obtain a
high spectral quality.

Xc !%$ =

DHm - DHcc
$ 100
DH mc

(5)

A TGA4000 (PerkinElmer, Waltham, MA, USA)
thermogravimetric analyzer (TGA) was used to analyze the thermal degradation behavior of the samples. The analyses were done from 30 to 600 °C at a
heating rate of 10 °C·min–1 under nitrogen flow
(20 ml·min–1). The sample masses were 10–15 mg.

2.11. Mechanical properties
The tensile properties were determined at room temperature using a Lloyd LR 50 k Plus (Lloyd Instruments, Ltd., Fareham, U.K.) universal testing machine at a stretching speed of 10 mm·min–1 (ASTM
D638). The gauge length was 25 mm, and the sample
(dumbbell shape) width and thickness were 3.25 and
1 mm, respectively.
AFM was used also to determine the mechanical
properties of PLA samples using the amplitude modulation–frequency modulation (AM–FM) technique.
This technique is an extension of standard AC mode
(also known as AM–AFM), where the probe is excited simultaneously at its fundamental resonant frequency and another eigenmode. The fundamental
resonance was used for obtaining of the topographical features of the PLA samples, whereas the mechanical properties were analyzed by tracking the
frequency and amplitude shift of the another eigenmode. The measured frequency shift Δf was used to
evaluate the interaction stiffness (ΔkFM) by Equation (6):

2.9. Molecular size analysis
The average molecular number (Mn) and weight
(Mw), as well as the molar mass dispersity (ĐM),
were determined using gel permeation chromatography/size exclusion chromatography (GPC/SEC)
equipped with a Wyatt Mini Dawn (Wyatt Technology Corporation, Santa Barbara, CA, USA) multiangle light scattering detector and a 100 μl Waters
Alliance 2695 autoinjector (Waters, Elstree, U.K.).
The columns were Agilent PL-gel Mixed-D (Agilent, Santa Clara, CA, USA) with a pore size of 5 μm
and a particle size of 2 μm, conditioned at 160 °C
using an external oven. The flow rate was 1 ml·min–1,
and ultrapure tetrahydrofuran (THF) was used as the
mobile phase. The plasma-treated PLA samples for
analysis were prepared by dissolving a small amount
of polymer (35 mg·ml–1) in THF, followed by vigorous stirring for 30 min. Subsequently, the sample
was filtered through a 0.45 mm nylon filter, and then
the sample was injected.

Df
Dk FM = 2kc $ f
c

2.10. Thermal analysis
Differential scanning calorimetry (DSC) analyses
were performed using a DSC8500 (PerkinElmer,
Waltham, MA, USA) differential scanning calorimeter.

(6)

where kc is the spring constant of the cantilever and
fc is the frequency of the eigenmode of the cantilever.
To obtain the Young’s modulus of the PLA samples,
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a general Hertz model was applied, describing the
contact mechanics between the tip and the analyzed
sample. A PLA standard with the known Young’s
modulus (3.04 GPa) was first used for the calibration
of the cantilever to determine its elasticity, which
was subsequently used for obtaining the absolute
values of the Young’s modulus of the analyzed PLA
samples.

3. Results and discussion
3.1. Plasma treatment optimization
Wettability is closely related to the chemical composition and roughness of the top surface layer, and
therefore, it is an important factor for the understanding of the degradation process in its initial step. The
contact angles of testing liquids with different surface tensions were used for the evaluation of the total
surface free energy, as well as its dispersive and
polar components. The plasma treatment process
was first optimized in terms of treatment time, varying from 1 to 12 s and from 15 to 180 s for the corona and RF plasma treatment, respectively. The untreated PLA sample showed relatively low contact
angles and, therefore, quite high values of total surface free energy, as well as a high value of the polar
component, indicating quite good wettability [28].
Plasma treatment of the PLA samples improved the
wettability as a result of the incorporation of polar
functional groups (hydrophilic) and roughness
changes [29]. The corona treatment resulted in an
improved wettability, while a large total surface free
energy was achieved using a treatment time of 3 s
(Figure 1a). The RF plasma treatment improved the
wettability even more, with maximum contact angles
achieved using a treatment time of 120 s (Figure 1b).
These conditions were subsequently selected for
treatment of the PLA samples in order to perform the

accelerated weathering aging test. Improved hydrophilicity of the plasma-treated PLA with an enhanced water content contributed to the accelerated
hydrolytic degradation of the PLA samples [30].

3.2. Surface morphology characterization
Analysis of surface morphology/topography is important in order to understand the origin of the degradation process, which subsequently affects the layers
below the surface, thereby resulting in a complex
degradation. During the degradation, chain scission
preferably occurs in the amorphous region, and crystalline domains can be formed [31]. The untreated
and plasma-treated PLA samples initially exhibited
transparency because of their amorphous character,
which changed during the weathering exposure because of the formation of a semicrystalline structure
[21]. The formed carboxylic end groups were then
able to act as a catalyst for the degradation of PLA
[32, 33]. The information about the 2D surface morphology was obtained by SEM, and is summarized
in Figure 2. The 2000 h of aging time led to a remarkable increase in roughness. The surface of the
PLA sample was significantly affected by the degradation process, while micro-cracks, voids, and defects were clearly visible. These structural defects
(cracks, cavities, and voids) are susceptible to subsequent UV and water penetration (hydrolytic degradation) to the deeper underneath layers, and therefore, the whole PLA bulk is affected, as was confirmed by other techniques, such as the DSC, XRD,
and tensile tests. Plasma treatment of the PLA samples led to changes in the surface morphology as a
result of the etching and ablation processes, while
the presence of isles was more pronounced in the
RF-treated PLA sample. This can be explained by
the fact that the isles consisted of crystalline regions,

Figure 1. Surface free energy of: a) corona-treated and b) RF-treated PLA samples vs. treatment time.
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Figure 2. Scanning electron microscopy (SEM) images of PLA samples (from left to right: Untreated, corona-, and RF-treated) at an accelerated weathering time: a) 0 h and b) 2000 h.

structures were formed. In the case of RF plasma
treatment, the surface roughness slightly increased
(Ra = 17.1 nm), probably because of the presence of
localized agglomerate regions, which were not affected by plasma etching. An aging time of 500 h
also led to a decrease in the surface roughness of the
plasma-treated PLA samples (Ra = 14.2 nm). The
1000 h of aging time led to an increase in the surface
roughness of the plasma-treated PLA, with almost
identical values as in the case of untreated PLA/1000h.
Meanwhile, 2000 h of aging time did not lead to any
significant changes in the surface roughness of the
corona-treated PLA sample, but slightly higher than
in the case of the untreated PLA sample. However,
the surface roughness of the RF-treated PLA sample
achieved the highest values, with Ra equal to
70.0 nm.

as well as by the fact that the plasma treatment predominantly affected the amorphous regions [34]. Accelerated weathering aging 2000 h resulted in a remarkable increase in the surface roughness for the
corona-treated PLA samples. The size and number of
the cavities and isles were even larger for the RFtreated PLA samples after 2000 h of accelerated
aging, confirming significant degradation in the
outer surface area.
Detailed information about the topographical structures of the PLA samples in a 20×20 µm2 patch of
the surface area was obtained using AFM (Figure 3).
The untreated PLA sample showed a characteristic
texture (agglomerates) in the relatively smooth surface area, while the Ra was 15.1 nm. The 500 h of accelerated aging was responsible for a decrease in surface roughness (Ra = 7.6 nm). The additional increase
in aging time to 1000 h resulted in an increase in the
surface roughness, while Ra achieved the highest
value of 16.9 nm. Aging time 2000 h led to a slight
decrease in the surface roughness (Ra = 12.5 nm).
The ablation and etching processes that occurred
during the plasma treatment led to changes in the surface topography of the PLA samples while specific

3.3. Structural studies
XRD was used to study the effect of accelerated
weathering on the structural properties of the untreated and plasma-treated samples in terms of the
resultant crystallinity. The XRD profiles of the PLA
samples are given in Figure 4 for the different aging
730
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Figure 3. Atomic force microscopy (AFM) images with line profiles of PLA samples: Untreated (left column), corona-treated
(middle column), and RF-treated (right column) at accelerated weathering times: a) 0 h and b) 2000 h.

(220) planes, indicating that the PLA contained both
D and L isomers [35].
The intensity of all of the observed peaks increased
with weathering time for both plasma treatments.
The same evolution was noticed for neat PLA [21].
However, it was clearly seen that the RF-treated PLA
degraded more rapidly than the corona-treated PLA,
which was indicated by the earlier conversion of the
amorphous character of the PLA to a semicrystalline
one. It is known that amorphous regions are first attacked during hydrolytic degradation, followed by
crystalline regions. The mobile shorter chains formed
during hydrolytic and UV degradation allow for the
reorientation of the crystalline phase, which results

times. The corona- and RF-treated PLA samples, as
well as the untreated PLA, appear completely amorphous without any recognizable peaks before weathering. Only after 500 h of weathering, the RF-treated
samples show two peaks observed at the 2θ values
around 16.4 and 18.7°, which correspond to the
(200/110) and (203) planes from the crystalline
structure of PLA, while the corona-treated samples
remained as amorphous as untreated PLA.
Sharp peaks clearly appeared in the corona-treated
samples after 1000 h of weathering, whereas at the
same period, only minor peaks were noted in the RFtreated samples around 14.7, 22.2, 24.4, and 28.7°.
These peaks are assigned to the (110), (300/030), and

Figure 4. X-ray diffraction (XRD) spectra of PLA samples treated by a) corona plasma and b) RF plasma.
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absorption bands of the neat PLA were observed at
1747 cm–1, attributed to the stretching vibration of
the carbonyl groups (C=O in the –CO–O– group);
the characteristic spectra of C–O–C occurred in the
1050–1250 cm–1 region and the bands positioned at
1452, 1382, and 1360 cm–1 were due to the asymmetric and symmetric deformation of CH3 [13, 16, 39–
41]. The region of 2800–3000 cm–1 was assigned to
the asymmetric and symmetric stretching mode of
the CH3 and CH2 groups. The FTIR spectra of the
neat, corona-, and RF-treated PLA samples are compared in Figure 6. The corona and RF plasma treatment simultaneously broke up the C–H and C–C
bonds, resulting in etching/ablation and functionalization reactions in the PLA surface area [42]. Moreover, the formed volatile products from the PLA surface were extracted by the vacuum system, part of
the equipment used [43], which led to lower-intensity FTIR spectra compared to that of the untreated
PLA. Regarding the differences between the treated
and untreated PLA, a slight increase in the absorption band in the wavenumber range between 3300
and 3500 cm–1 was noted for the plasma treated samples, which is attributed to –OH stretching. Plasma
treatment promotes an increase in oxygen-containing
functional groups, confirming the polar character of
the surface already elucidated in the wettability analysis and revealed by Figure 6 [44–46].
Figure 7 shows the FTIR spectra obtained for the corona-treated samples after accelerated weathering. Accelerated weathering deteriorated the structure of the
PLA via polymer cleavage, leading to chain scission,

in an increase in crystallinity [21]. The change in the
XRD diffraction patterns showed that the RF treatment of the PLA surface accelerated the degradation
processes and, consequently, the crystallization behavior of PLA, which is in accordance with the further discussion suggesting that plasma treatment
contributes to the degradation of PLA.

3.4. Wettability analysis
The effect of aging time on changes in the polar component of the surface free energy of untreated and
plasma-treated PLA samples is summarized in Figure 5. The wettability of the untreated and plasmatreated PLA samples decreased with increasing time
during the first 1000 h of aging. This phenomenon
can be explained by the rotation and diffusion of the
plasma-formed polar functional groups [36] or the
degraded oxygen-containing species into the deeper
layers below the surface of the PLA. This wettability
deterioration can be also described by the diffusion
of water from the top surface into the bulk [37, 38].
The diffusion of water into the polymer is much
faster than hydrolytic degradation [37]. After 2000 h
of aging, the wettability of the untreated PLA samples
decreased even more, while the improved wettability
of the plasma-treated PLA samples was probably
caused by defects (cracks) and an increase in roughness, as was confirmed by microscopic analysis.
3.5. Chemical composition analysis
FTIR spectroscopy was used to analyze the possible
chemical changes in the plasma-treated PLA samples during accelerated weathering, such as the carbonyl and polar groups’ content, or new bands indicating the degradation of the PLA. The characteristic

Figure 5. The polar component of the surface free energy of
PLA samples vs. accelerated weathering time.

Figure 6. Fourier transform infrared spectroscopy (FTIR)
spectra of PLA samples: a) Untreated, b) coronatreated, and c) RF-treated.
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Figure 7. FTIR spectra of corona-treated PLA samples at accelerated weathering times: a) 0 h, b) 500 h,
c) 1000 h, and d) 2000 h.

Figure 8. FTIR spectra of the RF-treated PLA samples at accelerated weathering times: a) 0 h, b) 500 h,
c) 1000 h, and d) 2000 h.

especially at the C–O and C–C ester bonds from the
PLA backbone structure [21]. The formed carboxylic
end groups acted as a catalyst for the degradation of
PLA [32, 33]. However, the UV and moisture exposure did not significantly change the chemical structures of the plasma-treated PLA samples. The effect
of 2000 h of weathering exposure in the coronatreated PLA sample is shown in Figure 7 curve d, indicating sharp peaks at 1214 and 1360 cm–1 assigned
to C–O–C and CH and attributed to chain scission
of the PLA during degradation. Another interesting
result was observed at 957 cm–1, with a peak shift to
955 cm–1 after 2000 h, related to the modification in
the amorphous and crystalline structure of the PLA
after weathering [47, 48]. In addition, a new peak at
733 cm–1 appeared in the spectrum of PLA/corona/
2000h, while a shoulder appeared at 1650 cm–1 after
1000 h of weathering. The region at 733–756 cm–1
represents the skeletal vibration of the methylene
groups [47], whereas those at 1650 cm–1 reveal the
generation of a new C=C bond. This proves that the
photodegradation via a Norrish II type mechanism
occurred during weathering exposure, involving chain
cleavage and the presence of newly formed chains
[17, 21, 41, 49, 50]. After 2000 h, this peak was less
evident in the PLA/corona samples due to the presence of a new shoulder at lower wavenumbers, i.e.,
1580 cm–1. The 1580 cm–1 wavenumber is described
as being indicative of water absorption of the material [51]. Apart from the UV irradiation steps, during
the accelerated weathering tests, there was also moisture (condensation steps), leading to water absorption

during the hydrolysis degradation, as confirmed by
this peak.
Figure 8 shows the FTIR spectra of the RF-treated
PLA samples and the characteristic transmittance
peaks after different periods of accelerated weathering. The presence of C=C stretching vibration was
observed after 2000 h by a broadening of this band
at 1600 cm–1, which could also have combined the
observed band at 1580 cm–1 noted in PLA/corona/
2000h. The intensity of the ester vibrations observed
at 1268 and at 955 cm–1 simultaneously decrease. In
addition, a new peak seemed to appear at 922 cm–1
for PLA/RF/500h and PLA/RF/2000h. Previous authors have generally described this shift in the spectral region between 950 and 920 cm–1 as indicative
of the crystallization event of PLA, characteristic of
α crystals [21, 48].
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3.6. Molecular weight analysis (GPC/SEC)
GPC/SEC was performed to analyze the changes in
the molecular weight distribution of the plasma-treated PLA samples exposed to accelerated weathering
conditions, and to evaluate the resultant chain scission of the polymer. Table 1 shows the changes in the
average molecular number (Mn) and weight (Mw) of
the plasma-treated PLA as a function of accelerated
weathering time and also reports the percentage of
degradation and the polydispersity index (ĐM).
In agreement with prior works, it is necessary to
mention that PLA suffered molecular scission during
the fabrication of the samples at high temperatures
[52, 53]. Before sample preparation, the raw material,
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Table 1. Molecular weights and polydispersity index (ĐM) of the PLA samples.
Sample

Mn
[g·mol–1]

Mn degradation
[%]

Mn cumulative
degradation
[%]

Mw
[g·mol–1]

Mw degradation
[%]

Mw cumulative
degradation
[%]

ĐM

Untreated PLA/0h

71 500

–

–

89 500

–

–

1.3

PLA/corona/0h

13 290

–

–

17 420

–

–

1.3

PLA/corona/500h

11 340

15

15

15 180

13

13

1.3

PLA/corona/1000h

5 305

53

60

7446

51

57

1.4

PLA/corona/2000h

2 085

61

84

2899

61

83

1.4

PLA/RF/0 h

33 680

–

–

44 090

–

–

1.3

PLA/RF/500h

18 350

46

46

23 950

46

46

1.3

PLA/RF/1000h

7 226

61

79

9770

59

78

1.4

PLA/RF/2000h

1 731

76

95

2444

75

94

1.4

Mn: average molecular number; Mw: average molecular weight.

i.e., PLA 2003D, showed an average molecular number (Mn) of 100 422 g·mol–1, an average molecular
weight (Mw) of 180,477 g·mol–1, and a polydispersity index of 1.79 [54]. A large difference was observed after sample preparation, with the Mn and Mw
of neat PLA after sample production being 71 500
and 89 500 g·mol–1, respectively, while its ĐM was
1.3. Furthermore, differences were found in the Mn
and Mw for PLA/corona/0h and PLA/RF/0h. Since
the sheet production was exactly the same way for
corona- and RF-treated samples, these results should
be related to each type of plasma used. The kinetic
energy of the plasma reactive species during the application of this treatment caused slight surface heating [43]. It is also mentioned that uncontrolled and
high-energy plasma often break up both the C–H and
C–C bonds simultaneously, leading to the degradation of the polymer backbone [42]. It is clear that the
Mw and Mn of both the plasma-treated PLA samples
gradually decreased after weathering, indicating the
chain cleavage already mentioned, but with different
kinetics were noted. While the corona treatment
showed the highest reduction of Mw and Mn between
500 and 1000 h of weathering exposure, the PLA
samples treated by RF plasma showed the same percentage of decrease after 500 h of degradation, i.e.,
a reduction of 46%. Although the PLA/RF samples
started the weathering cycles with a higher molecular weight value, after 2000 h, a lower Mw than that
of PLA/corona was found. In the case of the corona-treated PLA, the Mw decreased from 13 290 to
2085 g·mol–1 after 2000 h of accelerated weathering,
while the initial Mn of the RF-treated PLA showed
a higher decrease from 33 680 to 1731 g·mol–1 after
2000 h under the same conditions. A similar trend of
degradation was observed for the untreated PLA
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[21]. A 91% degradation of the untreated PLA, corresponding to an Mn of 6500 g·mol–1 and an Mw of
9000 g·mol–1, was achieved after 2000 h of aging,
whereas approximately 95% was noted for PLA/RF/
2000h. This confirms our previous conclusions that
RF treatment promoted the weathering degradation
of PLA more than corona treatment. Another interesting result is the constant similar ĐM of the PLA
treated with corona and RF during the weathering
exposure, which means that the chain scissions randomly occurred in all molecules of the PLA [52, 53].

3.7. Thermal properties
DSC was used to determine the changes in the degree of crystallinity characterized by enthalpy and
melting phenomena of the plasma-treated PLA samples before and after 500, 1000, and 2000 h of accelerated weathering. Figure 9 shows the DSC curves
of the corona- and RF-treated PLA from the first heating scan. The results are summarized in Table 2.
The behavior of both plasma-treated PLA samples
could be considered analogous before weathering, but
slight differences were noted compared to untreated
PLA. The glass transition and melting temperatures
increased to 59 and 150 °C, respectively, after plasma treatment, while the amorphous character remained the same after corona and RF treatment. In
addition, the cold-crystallization temperature was
observed to be higher for the corona-treated sample
(123 °C), while the RF-treated sample seemed to
present two exothermic events (at 93 and 127 °C).
During the plasma surface treatment, H atoms were
extracted from the C–H bonds of the polymer chains,
generating carbon radicals able for a crosslinking
formation in the PLA surface [42, 55, 56], which restricted the chain mobility of PLA. This explains the
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Figure 9. Differential scanning calorimetry (DSC) first heating curves of PLA samples treated by: a) corona plasma and
b) RF plasma.

the degradation process itself should be enough to
degrade the lightly crosslinked structure created on
the PLA surface during the plasma treatment. After
1000 h, small crystallites formed during UV-initiated
degradation acted as physical crosslink points, which
restrained the chain movement of the corona-treated
PLA, so that higher Tg temperatures were noted and
the amorphous chains became less mobile [21, 57].
After 2000 h of weathering, PLA/corona/ 2000h presented a high degree of crystallinity, reflecting the
very low molecular weight of the plasma treated
PLA due to the high level of degradation. Tg was almost imperceptible and showed the lowest value of
all the samples, whereas untreated PLA showed the
same Tg after 2000 h of aging [21].
An increasing accelerated weathering time showed
that the Tm of the corona-treated PLA decreased. The
respective peaks were more pronounced and broadened over time, reflected in the melting enthalpy and
the increased degree of crystalline for long weathering periods. However, an exception was observed for

observed shift of Tg and Tm to higher temperatures
after plasma treatment.
As the weathering time increased, the corona- and
RF-treated PLA samples showed differences between their cold crystallization and melting enthalpies. These values indicate that the noted crystallinity in the treated PLA samples already occurred
before DSC analysis due to the weathering process,
especially for long weathering times, which is in
agreement with the XRD analysis. After 2000 h of
weathering, the corona-treated sample showed the
absence of cold crystallization, also not seen in PLA/
RF/1000h, which means a complete semicrystalline
character of the plasma-treated PLA after accelerated
weathering.
The effect of the accelerated weathering exposure
was also reflected in the glass transition of the samples. An interesting result was observed for the glass
transition of PLA/corona/500h, which is similar to
neat PLA as noted in our previous work [21]. The
erosion process that occurs during weathering and

Table 2. Characteristic temperatures, enthalpies, and degree of crystallization of the PLA samples.
Sample

Tg
[°C]

ΔHm
[J·g–1]

Tm1
[°C]

Tm2
[°C]

ΔHCC
[J·g–1]

TCC
[°C]

Xc
[%]

Untreated PLA/0h

56.9

2.3

147.7

2.2

121.2

0.0

PLA/corona/0h

59.2

4.0

150.4

5.2

123.3

0.0

PLA/corona/500h

56.5

23.9

153.5

13.4

113.5

11.2

PLA/corona/1000h

58.7

31.8

149.2

17.6

93.2/116.0

15.3

PLA/corona/2000h

45.7

32.6

145.8

0.0

–

34.8

PLA/RF/0h

58.7

5.1

150.3

7.3

97.2/126.5

0.0

PLA/RF/500h

59.2

21.6

152.8

9.0

102.2

13.4

PLA/RF/1000h

56.5

33.6

130.7

153.1

0.0

136.7

35.9

PLA/RF/2000h

53.1

38.3

126.6

152.3

3.0

099.3

37.7
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However, due to the advanced polymer degradation,
this semicrystalline structure was no more efficient
for physically restricting the amorphous polymer
chains, as was also observed in the corona samples
(i.e., a decrease in Tg).
Concerning the untreated PLA from our previous
study [21], after 2000 h of weathering, it presented
similar characteristics to the plasma-treated samples
after 500 h, such as cold crystallization, glass transition, and double melting temperature, and, most
importantly, it achieved a degree of crystallization
of approximately 10%. These results are in accordance with most of the other results, showing that
plasma treatment accelerated the weathering degradation of PLA. In addition, it appears that the RF
treatment promoted the UV- and moisture-initiated
degradation of PLA much more than observed in the
corona-treated samples, as was already confirmed by
other analyses.

PLA/corona/1000h, which did not correspond to this
trend. It was observed that shorter chains formed
after chain scission by photo and hydrolysis degradation, causing inconsistent changes in the glass and
melting temperature with increasing weathering time.
A complex influence of factors such as changes in
free volume and the configuration of the amorphous
phase could also support our observed results [2, 21,
49, 58–63].
The melting temperature of the PLA samples treated
by RF showed the opposite trend as the corona-treated samples. A slight increase of 3 °C was noticed
after 500 h of UV and moisture exposure, which remained almost constant with increasing weathering
time. In addition, a new endothermic event was observed for PLA/RF/1000h and PLA/RF/2000h around
131 and 127 °C, respectively. This behavior was also
observed for the untreated PLA after 2000 h of weathering exposure [21]. The double-peak could be the
result of the melting of different sized lamellae
formed during the degradation process or the result
of a melting–recrystallization–melting process [19,
64–66]. Since cold crystallization was not observed
after these periods, the latter explanation is the most
obvious.
The Tg of the PLA treated by RF plasma remained
the same at 59 °C after the first period of weathering,
but decreased as the weathering time increased to
1000 and 2000 h, while the degree of crystallinity increased over the entire weathering time. The shorter
chains from polymer cleavage during UV and hydrolysis degradation had lower molecular weight and
higher mobility. Thus, the observed lower Tg and the
ability to re-organize and create crystalline domains
is prevalent for enhancing the stiffness of the samples.

3.8. Thermogravimetric analysis
The thermal stability information of the plasmatreated PLA was obtained by TGA. The differential
TGA curves for the corona- and RF-treated PLA samples after different periods of accelerated weathering
are shown in Figure 10. Table 3 shows the decomposition temperature at 5 and 50% of mass loss, as
well the dTGA peak maximum temperatures observed for all samples.
Both plasma-treated samples display a one-step mass
loss from approximately 300 to 400 °C, and no differences in the thermal degradation were detected between the neat PLA [21] and the corona-treated PLA
in that range before accelerated weathering degradation. However, a higher onset was found for the

Figure 10. Differential TGA curves of the PLA samples treated by: a) corona plasma and b) RF plasma.

736

Antunes et al. – eXPRESS Polymer Letters Vol.15, No.8 (2021) 725–743

Table 3. Characteristic degradation temperatures of the PLA
samples.
T5%
[°C]

T50%
[°C]

Tmax
[°C]

Untreated PLA/0h

332

359

362

PLA/corona/0h

332

360

364

PLA/corona/500h

326

360

365

PLA/corona/1000h

331

366

371

Sample

PLA/corona/2000h

323

362

369

PLA/RF/0h

334

366

371

PLA/RF/500h

331

365

371

PLA/RF/1000h

326

365

371

PLA after 2000 h of weathering exposure time, only
the T5% showed a significant reduction to 317 °C,
while T50% (356 °C) and Tmax (364 °C) remained almost identical as for the untreated PLA/0h sample
[21]. These results corroborate our previous discussion showing that a decrease in T5% represents some
shorter chains for 2000 h of aging, which is much
lower than noted for the plasma-treated samples.

3.9. Mechanical properties
The AM–FM AFM technique was employed to analyze the mechanical properties of the untreated and
plasma-treated PLA samples in the top surface area,
allowing to obtain images of the Young’s modulus
distribution. The AM–FM AFM images of the untreated and plasma-treated PLA samples before and
after accelerated aging are shown in Figure 11.
Moreover, the mean values of the Young’s modulus
evaluated by Gaussian fitting are presented in the
related histograms and the values are summarized
in Table 4. Changes in the mechanical properties of
the bulk of the samples treated by plasma were
measured by stress–strain tests, and they are discussed later.
The Young’s modulus of the untreated PLA sample
achieved a value of 2.2 GPa. The plasma treatment
noticeably increased the mechanical properties of the
PLA samples as a result of a combination of different
processes, such as ablation, etching, functionalization, and crosslinking processes in the few tens of
nanometers in the surface area [68, 69]. The Young’s
modulus increased to 2.9 GPa for the PLA/corona/0h
sample. In the case of RF treatment, Young’s modulus of the PLA/RF/0h sample increased even more,
achieving a value of 8.3 GPa. The accelerated weathering aging resulted in mechanical property changes
because of a combination of UV, thermal, and hydrolytic degradation. A time of 500 h of aging led to
an improvement in the mechanical properties of the
untreated and corona-treated PLA samples as postprocessing chemical reactions, while Young’s modulus was 3.3 and 8.3 GPa, respectively. On the contrary, the mechanical properties of the RF-treated
PLA slightly deteriorated, while Young’s modulus
decreased to 8.1 GPa. The additional increase in
aging time was responsible for increasing Young’s
modulus for the untreated PLA, while the highest
value was achieved after 2000 h of aging (6.2 GPa).
In contrast, 1000 h of aging of the plasma-treated
PLA samples led to a decrease in Young’s modulus,

thermal degradation of the PLA treated by RF plasma before weathering degradation. Since both plasma-treated PLA samples showed an amorphous
character before UV and moisture exposure in the
XRD and DSC analyses, the observed event suggests
some crosslinking of the RF-treated PLA [43, 67].
Thus, the energy required for the thermal degradation
increased as the length and stability of the chains increased, in agreement with the GPC/SEC results.
The TGA traces revealed that the thermodegradation
of the corona-treated samples proceeded at lower
temperatures than the RF-treated samples. However,
as the degradation exposure time increased, the temperature at 50% mass loss also increased. It is known
that during weathering exposure, polymer chains are
cleaved and are able to re-organize into crystalline
regions, thereby converting the amorphous character
of PLA into semicrystalline, as was shown in the
XRD and DSC results. Another interesting result was
observed in the gradual increase of T5%, which followed the degree of crystallinity of the samples up
to 35%, i.e., the degree of crystallinity observed in
DSC for PLA/corona/500h ˂ PLA/RF/500h ˂ PLA/
corona/1000h ˂ PLA/corona/2000h and the T5%
showed exactly the same trend. After achieving 36%
of crystallinity in the DSC in PLA/RF/1000h, the
T5% started to decrease gradually.
Since PLA is an amorphous polymer and the observed semicrystalline structure was achieved by the
degradation of its chains after UV and moisture attacks and chain scission, the results suggest that after
35% of crystallinity, PLA treated by RF plasma
forms numerous shorter chain segments, for which
lower energy is required for thermal degradation, as
seen in Table 3. These results are also consistent with
the observed values after 2000 h of accelerated weathering. An interesting observation was that when comparing the plasma-treated samples with the untreated
737
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Figure 11. Extended AC mode amplitude modulation–frequency modulation technique (AM–AFM) images of PLA samples
(from left to right: Untreated, corona-, and RF-treated) at accelerated weathering times: a) 0 h and b) 2000 h.

The bulk changes in the mechanical properties of the
PLA samples were evaluated by stress-strain tests, and
the mechanical properties are summarized in Table 5.
The mechanical properties of the neat PLA and the
PLA samples treated with corona and RF plasma were
similar, since this treatment affected only the surface
area (few tens of nanometers) [22], and thus the bulk
was not affected before weathering exposure.
It is seen in Table 5 that during the initial accelerated
weathering period of 500 h, the tensile strength, tensile strain and toughness of the corona treated PLA
samples decreased. During this short period of weathering exposure, chain cleavage of the PLA occurred
but was not enough to allow the rearrangement of
polymer chains into a strong and stable crystalline
structure. As shown in the DSC analysis, the crystallinity degree was low and not detectable by XRD
analysis. Slight differences were found in PLA/corona/1000h for Young’s modulus, but they were significant, showing higher values for all mechanical
properties than the shorter period of aging. This happened due to the self-organization of small chains
into crystalline domains. This increase was revealed
for 15% of crystallinity, achieved due to a longer period of UV and moisture exposure. The chain scission effect was found to be more dominant in this
period, corroborating the GPC analysis.

achieving values of 8.3. and 3.4 GPa for the corona
and RF plasma treatments, respectively. The additional increase in aging time resulted in a further decrease of Young’s modulus values to 7.7 and 2.1 GPa
for the PLA/corona/2000h and PLA/RF/2000h samples, respectively. This confirms the enhanced degradation of the plasma-treated PLA samples caused by
the incorporated polar functional groups responsible
for catalytic hydrolytic degradation, together with
thermal and UV degradation, which was pronounced
after longer aging times.
Table 4. Surface mechanical properties of the PLA samples.
Young’s modulus
[GPa]

Sample

Mean

Width

PLA/0h

2.2

0.2

PLA/500h

3.3

0.2

PLA/1000h

3.7

0.5

PLA/2000h

6.2

1.0

PLA/corona/0h

2.9

0.3

PLA/corona/500h

8.3

1.2

PLA/corona/1000h

8.3

1.2

PLA/corona/2000h

7.7

1.0

PLA/RF/0h

8.6

1.6

PLA/RF/500h

8.1

1.3

PLA/RF/1000h

3.4

0.3

PLA/RF/2000h

2.1

0.8
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Table 5. Mechanical properties of PLA samples.
Stress at break
[MPa]

Strain at break
[%]

Young’s modulus
[MPa]

Toughness
[MPa%]

Untreated PLA/0h

25.5±1.2

1.8±0.4

3036±101

35.4±10.1

PLA/corona/0h

Sample

24.3±2.3

1.5±0.1

2760±240

25.2±4.2

PLA/corona/500h

6.6±7.7

1.6±0.3

2288±92

20.0±9.3

PLA/corona/1000h

38.9±5.1

2.1±0.4

2362±330

41.2±10.0

PLA/corona/2000h

–

–

–

–

PLA/RF/0h

24.5±2.0

1.6±0.4

2839±170

27.1±12.2

PLA/RF/500h

46.0±8.1

2.5±0.5

1823±269

57.1±19.5

PLA/RF/1000h

27.3±2.5

1.5±0.2

1754±346

19.3±3.7

PLA/RF/2000h

–

–

–

–

of the polymer chains, which is visible in the SEM
images in Figure 2. On the contrary, the physical integrity of the untreated PLA/2000h was still observed with 12.3±4.8 MPa of stress at break and
Young’s modulus of 1748±431.

The same was observed for PLA/RF/500h, where
Table 5 shows an increase in stress and strain at
break, but a decrease in Young’s modulus and an increase in the toughness. The crystallinity degree of
this sample, i.e., 13%, which is between 11% and
15% for PLA/corona/500h and PLA/corona/1000h,
reveals an interesting gradual decrease of Young’s
modulus following the gradual increase observed in
the crystallinity, at least up to 15%, as observed in
Figure 12. As is known, crystallinity increases as a
result of chain scission, so Young’s modulus and
strength may be expected to increase during degradation. However, this effect is offset by the fact that
as the crystallinity increases, the molecular weight
decreases [70], as noted in the GPC results. Consequently, it reduces the values of strength and Young’s
modulus, as noted in Figure 12 and Table 5. A larger
increase in the crystallinity was found for PLA/RF/
1000h, i.e., approximately 35%, following a drop in
the molecular weight, which can explain why the
mechanical properties reduced for the crystalline
sample.
It should be pointed out that the PLA/corona/2000h
and PLA/RF/2000h samples were not tested because
they were significantly brittle due to the degradation

4. Conclusions
Low-temperature plasma treatment was used to enhance the degradation of PLA. For this purpose, corona and RF plasma treatments with subsequent accelerated weathering aging up to 2000 h were employed. It was observed that plasma treatment led to
a significant acceleration of the weathering degradation of PLA , combining thermal, UV, and hydrolytic
degradation processes. This was mainly caused by
the formation of hydroxyl end groups resulting in
catalytic degradation of PLA . Moreover, increased
hydrophilicity after plasma treatment, and therefore
water uptake, was responsible for enhanced hydrolytic degradation. Consequently the overall bulk
mechanical properties of plasma-treated PLA gradually decreased in the molecular weights and the
polymer chains were ordered into crystalline regions,
changing the amorphous character of PLA to a semicrystalline structure. The RF treatment showed to be
more efficient than the corona treatment after 2000 h
of weathering, representing a suitable candidate for
applications requiring enhanced degradation of PLA.
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