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A B S T R A C T

In this study, we irradiated amorphous (A) and semi-crystalline (SC) poly(lactic acid) (PLA) with different UV-C
doses up to 2214 kJ/m2. We achieved an average crystallinity of 43 % by heat treatment, which was unaffected
by UV-C irradiation. Modulated differential scanning calorimetry showed that crystal polymorphs and the ratio
of rigid amorphous and mobile amorphous phases were also unaffected. Using gel permeation chromatography
analysis, we showed that the degradation mechanism was noncatalytic random scission, and the initial molar
mass was reduced by >90 % at a dose of 2214 kJ/m2 for both A- and SC-PLA samples. Our Raman spectroscopy
results indicated that the probability of the formation of oxygen-containing groups increases with increasing UV-
C doses. Since we found that the mechanical properties of PLA films can be tailored with UV-C light, we proposed
a method to predict the overall tensile curve as a function of the UV-C dose. We also proposed a modified Cross-
WLF model to describe the effect of UV-C irradiation on viscosity up to 55 % molar mass reduction. The models
allow us to estimate the limits of recyclability and reusability of sterilised PLA products.

1. Introduction

Medical devices are classified into three categories based on their
risk level (Class I, II and III, from low to high risk). The class determines
the level of regulation and control needed to ensure the safety and
effectiveness of the device [1]. Due to their moderate price and their
versatility, plastics are widely used in all categories, from single-use
packaging (transparent films) to medical implants (orthopaedic im-
plants, stents). Therefore, it is very important to know the short- and
long-term effects of various sterilisation processes on plastics. The most
common sterilisation agents are ethylene oxide (EtO), ozone (O3) and
hydrogen peroxide (H2O2), but heat treatment (steam or dry heat), and
radiation are also widely used [2]. Products with inherent antibacterial
properties are also common, but often still require a sterilisation step

before use [3].
To achieve sustainable economy, bioplastics are preferred as mate-

rials of medical devices [4]. Polylactic acid (PLA) is a biocompatible,
bioresorbable, and biodegradable polymer that can be processed with a
variety of manufacturing methods [5,6]. Therefore, PLA-based products
are widely used in medical applications [7]. Transparent PLA films are
used as medical packaging [8]; 3D-printed PLA and PLA composite
scaffolds are used in bone tissue engineering [9]; PLA fibres are utilised
as absorbable surgical sutures [10]; and electrospun PLA nanofibers are
applied as drug delivery systems [11]. All these applications require
sterile products. However, sterilisation can cause adverse changes in the
properties of PLA. For example, its surface and optical quality and also
its mechanical properties may deteriorate [12,13].

Ivanova et al. [14] found that steam sterilisation increases the
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surface roughness and the wettability of PLA films, which promotes the
proliferation of cells. However, changes in mechanical properties were
not investigated. Savaris et al. [15] investigated the effect of five
different sterilisation methods (EtO, saturated steam, H2O2 plasma,
electron beam irradiation, gamma irradiation) on the morphological,
physical, chemical and thermal properties of PLA films. The authors
found that of the processes tested, saturated steam (121 ◦C at a pressure
of 2 bar for 20min) caused the most significant structural changes due to
the high pressure and temperature. Therefore, saturated steam is not
recommended for the sterilisation of PLA products. Garnica-Bohórquez
et al. [16] subjected 3D-printed PLA samples to a sterilisation protocol
used in a public hospital in Colombia, which involved formaldehyde
steam (65 ◦C for 20 h) sterilisation. The authors examined the me-
chanical behaviour of the PLA and found that its tensile properties
deteriorated due to the sterilisation procedure. Krug et al. [17] studied
the effect of ethylene oxide and gamma irradiation on injection-moulded
PLA samples. EtO sterilisation caused a slight decrease in viscosity and
elongation at break, while gamma irradiation resulted in degradation.
Overall, the European Commission and the Environmental Protection
Agency (United States) identified EtO as a substance of concern due to its
carcinogenic and mutagenic effects, so its use in sterilisation is expected
to decline [18,19].

Mansouri et al. [20] examined the radiation-induced degradation
mechanisms of PLA films. At low doses, electron beam irradiation causes
random chain scission. Consequently, the decrease in molar mass de-
creases the transition temperatures and deteriorates mechanical prop-
erties. Benyathiar et al. [21] subjected PLA films to gamma and electron
beam irradiation and found that both caused degradation. Molar mass
loss causes deterioration of thermal and mechanical properties. There-
fore, it must be considered if the sterilised product is subjected to me-
chanical loads.

UV-C sterilisation has become widespread in recent years, in the
context of the SARS-CoV-2 epidemic. Therefore, its effects on polymers
are less explored. Only a few studies have addressed the loss of me-
chanical properties of PLA after exposure to UV-C irradiation [22,23].
However, the structure–property relationship between degradation and
material properties has not been investigated so far. Besides steri-
lisation, UV-C radiation also has potential applications in plastic waste
treatment. Brown et al. [24] showed that the reduced molar mass caused
by UV irradiation helps the enzymatic hydrolysis of PLA. Therefore, it
increases the rate of biodegradation. In a previous study [25], we
investigated the changes in molar mass and the mechanical and rheo-
logical properties of UV-C irradiated amorphous PLA films. We found
that increasing irradiation time leads to a ductile–brittle transition in
tensile properties. The amorphous PLA films can withstand 13 steri-
lisation cycles without significant changes in tensile strength and
modulus.

The present study aims to investigate the changes in the molecular
structure of PLA due to UV-C irradiation. We study the effect of crys-
tallinity on various mechanical, thermal and rheological properties. We
set up models to predict various material properties as a function of the
irradiation dose. These can be used to estimate the properties of the
product as a function of the number of sterilisation cycles, thus

guaranteeing the safe use of medical devices in the long term.

2. Materials and methods

2.1. Material and sample preparation

The entire sample preparation process is shown in Fig. 1. We used an
extrusion-grade polylactic acid (PLA), Ingeo 4032D. supplied by
NatureWorks LLC (Plymouth, MN, USA). The bulk density of this PLA is
1.24 g/cm3 and its D-lactide content is 1.4–2 % only [26]. We dried the
PLA in a Faithful WGLL-125 BE (Faithful Instrument (Hebei) Co., Ltd.,
Huanghua, China) hot air oven at 80 ◦C for 4 h before processing. We
produced optically transparent PLA films with a thickness of 165 ± 15
μm using a Labtech Scientific 25-30C single-screw extruder (Labtech
Engineering, Thailand) and an LCR300 flat film line (Labtech Engi-
neering, Samutprakarn, Thailand). The diameter and the length/diam-
eter (L/D) ratio of the general-purpose three-zone screw were 25 mm
and 30, respectively. The temperature profile from the hopper to the die
was 200–200–210–210 ◦C, and the temperature of the die was set to
220 ◦C. The production process is detailed more in our previous study
[25].

Then, half of the samples were subjected to post-crystallisation heat
treatment. The post-crystallisation heat treatment of the amorphous
films was carried out as follows: we clamped the films in a wooden frame
to avoid their shrinkage, then we placed them in the oven. The samples
were annealed at 100 ◦C for 2 h for the highest possible crystalline
fraction [27]. We investigated amorphous (A) and semi-crystalline (SC)
PLA film samples. After the heat treatment, we placed the samples in
sealed packages for one week to ensure physical ageing. We placed
grains of silica gel in the packages to prevent the influence of moisture.

After that, UV-C irradiation was carried out in our custom-built
degradation chamber. The chamber is equipped with two TUV30W
Longlife SVL (Philips, Amsterdam, the Netherlands) mercury vapour
tube lamps. The parameters of the chamber can be found in our previous
study [25]. We irradiated the PLA films for 0, 0.25, 0.5, 0.75, 1, 2, 4 and
8 h in an air atmosphere at 20 ◦C and 41 % relative humidity. The
prepared disk- and dumbbell-shape film specimens were placed directly
under the tube at a distance of 5 cm, where irradiance was 76.9 W/m2.
Therefore, the applied doses were 0 (non-treated reference), 69, 138,
208, 277, 553, 1107 and 2214 kJ/m2, respectively.

2.2. Gel permeation chromatography (GPC) analysis

We subjected the samples to GPC analysis in order to ascertain their
molar mass and molar mass dispersity. The samples were prepared by
dissolving them in chloroform at a concentration of 0.3 % w/v and
passed through the solvent delivery system Nexera HPLC/UHPLC Pump
- LC-40D XR (Shimadzu, Kyoto, Japan), at 35 ◦C with a flow rate of 1
mL/min. This process involved using two Mixed C Styragel (Agilent
Technologies, Inc., Santa Clara, CA, United States) columns with a
mixed bed (Mw = 200–2,000,000) for analysis and a refractive index
detector (Shodex SE 61, Showa Denko, Munich, Germany). Narrow
molar-mass dispersity polystyrene standards from EasiCal® Pre-

Fig. 1. Specimen preparation process.
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prepared Calibration Kits provided by Agilent Technologies, Inc. is a
systematic approach to creating a calibration curve for accurately
determining the molar mass distribution of polymers, which was also
used for this analysis.

2.3. Raman spectroscopy

Raman spectra were obtained with the use of a Thermo Fisher Sci-
entific (Waltham, MA, USA) DXR3 Raman Imaging Microscope equip-
ped with Olympus viewing optics. The instrument used a helium‑neon
laser, which emitted photons with a wavelength of 632 nm (1.96 eV).
Scanning and data processing were carried out with the OMNIC Spectra
Software Version 9. Spectral data was collected in the 3500–100 1/cm
wavenumber region with a resolution of 1.0 1/cm. The instrument
captured the entire range with a single exposure of the charge-coupled
device (CCD) to avoid stitching artefacts. The samples were prepared
as follows. First, the investigated A-PLA films were fastened between
two rectangular pieces of metal. About half of the film was held tight
between the rectangular pieces of metal, whereas the other half hung
over the edge. The overhanging piece was cut off at the surface of the
metal with a scalpel; the operation revealed a freshly cut cross-section of
the film. This cross-section was investigated by the instrument. We
displayed the results in 3D by processing the Raman data with MATLAB
software written by our research team.

2.4. Modulated differential scanning calorimetry

We performed modulated differential scanning calorimetry (MDSC)
in accordance with the ISO 19935-2:2020 standard using a TA In-
struments Q2000 (TA Instruments, USA) differential scanning calorim-
eter. The weight of the samples was 8–10 mg. We applied a heat/cool/
heat cycle between 0 and 200 ◦C with a heating/cooling rate of 5 ◦C/
min. The amplitude of modulation was 1 ◦C, with a period of 60 s. The
test was performed three times in a nitrogen atmosphere with a purge
flow rate of 50 mL/min.

Using the TA Universal Analysis software, we determined the glass
transition temperature (Tg) as the midpoint on the reversing heat flow
curves of the 1st cycle. The reversing component shows heat capaci-
ty–related events such as melting and glass transition, and the non-
reversing component describes kinetic events such as cold crystal-
lisation and relaxation. The melting points (Tm) were determined as the
peak maximum on the 1st reversing heat flow signal. The weight ratio of
the crystalline (XC), the mobile amorphous (XMAF), and the rigid amor-
phous fraction (XRAF) was determined by Eqs. (1)–(3), respectively.

XC(%) =
ΔHm − ΔHcc

ΔH0
m

⋅100, (1)

where ΔHm is the crystal melting enthalpy calculated as the area under
the melting peak, ΔHcc is the cold crystallisation enthalpy calculated as
the area under the cold crystallisation peak and ΔH0

m is the crystal
melting enthalpy of 100 % crystalline PLA. Based on the literature, the
value of ΔH0

m ranges from 82 J/g to 203 J/g, with 106 J/g and 93 J/g
being the most common ones [28]. An average XC was calculated using
ΔH0

m1=106 J/g and ΔH0
m2=93 J/g.

XMAF(%) =
ΔCP
ΔC0

p
⋅100, (2)

where ΔCp is the measured heat capacity step at Tg and ΔC0p=0.45 J/
(g•◦C) is the heat capacity step at Tg of the 100 % amorphous PLA
determined from the neat A-PLA samples.

XRAF(%) = 1 − XC − XMAF, (3)

The ratio of α’ and ⍺ crystals was determined by the deconvolution of
the time-dependent reversing heat flow signal (RHFmeasured(t)) using the

Peak Deconvolution module in OriginPro 2024 software (Fig. 2). First,
the baseline was approximated with a straight line (Eq. 4).

fbase(t) = Af ⋅t + Bf (4)

where Af (slope) and Bf (intercept) are fitted parameters.
The double melting peak was then divided into two separate peaks,

each of which can be described with a Gaussian distribution function
(Eq. 5). The melting enthalpy of the crystals is given by the Ag
parameter.

gX(t) =
Ag⋅e

− 4⋅ln(2)⋅(t− Bg)
2

C2g

Cg⋅
̅̅̅̅̅̅̅̅̅̅

π
4⋅ln(2)

√ (5)

where X denotes the type of crystal (⍺’ and ⍺), Ag is the area under the
curve, Bg is the peak value and Cg is the width at half maximum. The
resulting reversing heat flowmodel curve (RHFmodel(t)) can be calculated
as the sum of these curves (Eq. 6):

RHFmodel(t) = fbase(t)+ gα(t)+ gαʹ(t) (6)

2.5. Tensile testing

To determine the effect of irradiation on mechanical properties, we
carried out tensile tests on dumbbell specimens. The specimens were cut
from the extruded films with a manual punching machine. Cutting di-
rection was parallel to the extrusion direction. The shape was in
accordance with the type 5 A dumbbell specimen of the ISO 527-2:2012
standard, with a total length of 75 mm. We carried out uniaxial tensile
tests in accordance with the same standard, with a Z005 (Zwick Gmbh.,
Ulm, Germany) universal tensile tester equipped with 200 N-rated
Zwick 8131 screw grips. 9 displacement-controlled tests were performed
in every case at 25 ◦C. Gripping distance was 50 mm, and crosshead
speed was 2 mm/min. Samples irradiated for 4 and 8 h could not be
tested because they degraded to the extent that they broke during
gripping. The force was measured with a high-precision Zwick 5 kN load
cell with a resolution of 0.01 N. We calculated strain as the ratio of
crosshead displacement and gripping distance. The tensile modulus was
determined as the slope of a chord between 0.05 % and 0.15 % strains.
0.15 % strain was used instead of 0.25 % strain specified in the standard
because the elongation at break of highly degraded samples was <0.25
%.

2.6. Dynamic mechanical analysis

To investigate the dynamic mechanical behaviour of the undegraded
and degraded films, we carried out temperature sweeps with a Q800 (TA
instruments, New Castle, DE, USA) dynamic mechanical analyser (DMA)
using a film tension clamp. Measurements were performed on 6 mm-
wide, 35 mm-long samples at 1 Hz, using a 3 ◦C/min heating rate, from

Fig. 2. Deconvolution of the reversing heat flow curve.
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25 to 170 ◦C. We used an amplitude of 5 μm, which was within the linear
viscoelastic region, verified by amplitude sweeps.

2.7. Rheological characterisation

To investigate melt flow properties, we used an MCR-301 (Anton-
Paar, Graz, Austria) oscillatory shear rheometer with a parallel plate
setup (plate diameter= 25mm, gap size= 1 mm). For each test, we used
6 discs of 25 mm diameter cut from the extruded films. Frequency
sweeps were then carried out at 180 ◦C between 0.0628 and 628 rad/s.
Before the tests, a five-minute soak time was used to achieve thermal
equilibrium and allow relaxation processes. The 5 % strain amplitude
was chosen to be within the linear viscoelastic region.

3. Results and discussion

3.1. Molecular changes due to UV-C irradiance

3.1.1. Changes in molar mass (GPC results)
We performed GPC to analyse the effects of UV-C irradiation on

molar mass and structure. The molar mass distribution of neat PLA is
monomodal, and with increasing UV-C dose (d), this distribution shifts
towards lower molar mass values in both amorphous (A-PLA) and semi-
crystalline (SC-PLA) PLA (Fig. 3/a, b). The changes in the number (Mn)
and weight average molar mass (Mw) for the A-PLA and the SC-PLA are
shown in Fig. 3/c.

The initial Mw of the SC-PLA samples was 5 % lower than that of the
A-PLA samples, which can be due to the heat treatment [29]. The
highest applied UV-C dose (2214 kJ/m2) reduced the initial molar mass
by >90 %. The Mn of the A-PLA and the SC-PLA decreased from 107.2
kg/mol to 6.3 kg/mol and from 109.4 kg/mol to 7.9 kg/mol, respec-
tively. Similarly, the weight averages decreased from 208.0 kg/mol to
15.8 kg/mol and from 197.7 kg/mol to 19.2 kg/mol in the case of the A-

PLA and the SC-PLA, respectively.
Up to the dose of 553 kJ/m2 (where molar mass was about 20 % of

the original molar mass), dispersity (Đ) has not changed considerably
(see Fig. 3/c). In contrast, from 553 kJ/m2 to 2214 kJ/m2, there was an
increase in dispersity fromĐ= 1.92 to 2.5. The increase in the dispersity
of both PLA samples can be attributed to two factors. First, increasing Đ
values suggest that random chain fragmentation is the prevalent
mechanism in the degradation process, which leads to the breakdown of
the polymer backbone and the formation of lower molar mass species
[30,31]. Second, the rate of chain scission depends on the distance from
the surface and is expected to result in position-dependent average
molecular weight. The correlation between the distance from the surface
and the extent of degradation is discussed in Section 3.1.2.

The reciprocal ofMn is directly proportional to the UV-C dose (Fig. 3/
e). This means the degradation process is non-catalytic random chain
scission for both A- and SC-PLA [32]. The presence of crystalline parts
did not change the rate of degradation up to 553 kJ/m2, but it slightly
slowed the degradation process thereafter (Fig. 3/e).

Based on these results, the dependence ofMn on the UV-C dose can be
described with Eq. (7):

Mn =
1

AM⋅d+ BM
, (7)

where AM and BM are fitted constants and Đavg = 1.92. Mw can be
approximated by Eq. (8):

Mw = Đavg⋅Mn =
Đavg

AM⋅d+ BM
. (8)

Fig. 3/b shows that the change in molar mass due to UV-C irradiation
can be well predicted by Eqs.4–5 (RMSE<4.5).

3.1.2. Changes in chemical structure (Raman spectroscopy results)
We monitored the radiation-induced degradation with Raman

Fig. 3. Molar mass reduction due to UV-C irradiation: a), b) show the molar mass distributions of the A-PLA and SC-PLA samples; c) number- (Mn) and weight-
average (Mw) molar mass as a function of UV-C dose; d) & e) fitted models.

Á.D. Virág et al.
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spectroscopy. As PLA macromolecules contain multiple groups that
absorb photons in the infrared wavelength range, the Raman spectrum
of these polyesters is also expected to contain several absorption bands.
Our results indicate that the resonances of both the aliphatic and the
oxygen-containing groups can be observed well on the Raman spectrum
of A-PLA (Fig. 4/a).

Since the resonances are clearly observable, and the signal-to-noise
ratio is also excellent, the Raman spectrum can be a basis for the qual-
itative and quantitative analysis of irradiation-induced degradation. As
a first step of the qualitative analysis, peaks have been assigned to in-
dividual groups (Fig. 4/a) [33,34]. We observed that UV-C irradiation
affects the height of the triplet peak around 2900 1/cm and concluded
that the degradation mechanism involves the formation of new aliphatic

groups. Our assumption is corroborated by previously published papers
[35], and our earlier studies [25].

A possible degradation mechanism that alters the amount of
aliphatic end groups is demonstrated in Fig. 4/b. The degradation leads
to the formation of methylene groups, which are not present in the
reference sample that was not subjected to irradiation (0_A). As the
degradation progresses, the number of methylene groups increases. In
the case of polyhydroxyalkanoates, the absorbance peaks that belong to
methyl and methylene groups were shown to appear in the same
wavenumber regions [36]. Therefore, the formation of new methylene
groups contributes to the increasing amplitude of the peaks attributed to
the aliphatic end groups [35,36].

Even though this mechanism is supported by multiple independent

Fig. 4. Results of the Raman analysis: a) Raman spectrum of the neat and irradiated A-PLA, b) a possible UV-C degradation mechanism, c) surface plot of Raman
intensity for irradiated A-PLA, d) Raman intensity at 2945 1/cm, e) Raman intensity as a function of Raman shift and the spatial coordinate, f) Raman intensity at
2945 1/cm, g) Raman intensity at 1770 1/cm, and h) the ratio of Raman intensities as a function of UV-C dose.

Á.D. Virág et al.
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sources [25,35], we would like to point out that the mechanism of
photodegradation is of considerable complexity if oxygen is involved.
Several authors have proposed mechanisms that lead to an increasing
number of oxygen-containing functional groups [37,38]. Therefore, our
quantitative analysis of degradation will also include the monitoring of
the amplitude of peaks belonging to oxygen-containing groups, such as
the carbonyl group.

Since Raman spectrophotometry can provide spatial resolution,
different regions of the same sample can be analysed separately. We
used this feature to gain information about the effect of irradiation in
regions located underneath the surface. In the case of the amorphous
samples, we observed a very clear tendency. At the beginning of the
experiment (d = 0 kJ/m2), the number of functional groups did not
depend on the spatial coordinate. However, after irradiation started, the
formation of new functional groups led to increased Raman intensities.
Furthermore, the increase in the number of functional groups shows
spatial coordinate dependence: the closer the investigated point is to the
surface, the larger the number of new functional groups is (Fig. 4/d).
Although photons can reach the innermost layer of the sample, the effect
of degradation is especially pronounced in the region located ~50 μm
beneath the surface; see Fig. 4/c. This value aligns well with the results
of earlier studies that targeted the analysis of penetration depth of UV-C
radiation [39,40].

Although Fig. 4/d shows the spatial coordinate dependence of the
peak with the largest amplitude (located at 2945 1/cm, see Fig. 4/a), the
tendency outlined above is not limited to one single peak. If we select
any peak affected by degradation and plot the consecutive spectra
belonging to different spatial coordinates, the amplitudes will outline a
tendency with a global minimum located inside the film (see Fig. 4/e).
This tendency highlights again that new functional groups are formed
with a higher probability near the surface. While the rate of degradation
depends on the spatial coordinate, it appears to be independent of the
orientation of the film. The amplitude increases at the same rate on both
sides of the sample, even though only one of them was facing the light
source (see Fig. 4/e).

Orientation-independence is caused by the characteristics of photon
scattering. In air, the scattering of UV photons obeys the Rayleigh
equation, which determines that the intensity of scattered photons is
proportional to their frequency raised to the power of four (Is ~ f4). In
practice, this proportionality means that high-frequency photons, such
as the UV-C photons used in our experiments, are very prone to scat-
tering and are present in regions of the chamber not directly irradiated
by the UV lamp. High-intensity scattering also means that UV photons
will enter the gap between the sample and the floor of the degradation
chamber and will have the same probability density in this gap as in the
remaining space of the chamber. Therefore, the statistical probability of
a UV photon crossing the polymer-air interface will not depend on
whether the interface is pointing upwards or downwards.

Regarding Fig. 4/e, we also would like to point out that the majority
of the peaks are affected by the irradiation, i.e., most of them show a
global minimum along the spatial coordinate. To graphically demon-
strate this, we plotted the entire measured wavenumber range against
the spatial coordinate. The resulting plot has two independent variables
(Raman shift and spatial coordinate) and one dependent variable
(Raman intensity). The surface function obtained in this way is pre-
sented in Fig. 4/c. We have also prepared a video file that demonstrates
an animated version of the surface function and it is available as a
Supporting Information file S1.

The Raman spectroscopy–based quantitative analysis of photo-
degradation also enables the characterisation of reaction kinetics. We
plotted the Raman intensities of the same spatial coordinates against the
UV-C dose as can be seen in Fig. 4/f. The resulting diagram reveals
strong positive correlation between the UV-C dose and the amplitude. In
this context, positive correlation means that the ongoing degradation
permanently increases the total number of new functional groups that
resonate at the investigated wavenumber. A positive correlation can also

be observed at wavenumbers that belong to functional groups contain-
ing oxygen (Fig. 4/g).

A direct comparison of Figs. 4/f and 4/g enables the estimation of the
reaction rate constants. Even though the amplitude of the peak that
belongs to the aliphatic end groups (Fig. 4/f) and the -COO- (such as
peroxide) groups (Fig. 4/g) are both increased by the degradation, their
rate is different. The ratio of Raman intensities at 2945 1/cm (aliphatic
end group) and 874 1/cm (-COO-) appears to be increasing with
increasing dose (Fig. 4/h). In practice, this tendency means that the
higher the UV-C dose, the higher the probability of the formation of a
new functional group that contains oxygen. The dose-dependent rate of
the formation of -COO- groups is due to the differing activation energy
barriers of the oxidisation of the macromolecular chain at different lo-
cations. At the end of the chain, the oxidisation of the macromolecule is
hindered by a comparatively smaller activation energy barrier. There-
fore, the statistical probability of the oxidisation of the end of the chain
is larger than the probability of the oxidisation of a carbon atom located
in the middle of the chain. This disparity also means that the more chain
ends are in the macromolecular matrix, the higher the statistical prob-
ability of oxidisation, i.e., the formation of a functional group that
contains oxygen. Since degradation leads to the fragmentation of the
macromolecules (see Fig. 4/b), the number of chain ends is continuously
increased with increasing dose. Therefore, the probability of the for-
mation of oxygen-containing groups is also being increased, as proven
by Fig. 4/h.

3.1.3. Changes in thermal properties (MDSC results)
Fig. 5 shows the MDSC thermograms of the neat and the irradiated A-

PLA and SC-PLA films within the 20 ◦C–180 ◦C range. The total heat flow
signals of the 1st heat cycle were separated into their reversing and non-
reversing components. An average crystallinity of 43 % (calculated with
ΔH0

m2) was achieved by heat treatment (100 ◦C for 2 h), with the
appearance of crystal polymorphism with ⍺’ and ⍺ crystals (Fig. 6/a). It
is established in the literature that ⍺’ and ⍺ crystals co-develop under
these post-crystallisation conditions [41]. The crystal polymorphs are
very similar, orthorhombic, mainly differ in their unit cell geometry, and
⍺’ polymorphs have lower density and contain more defects. Therefore,
their thermal stability, melting temperature, and melting enthalpy tend
to be lower [42,43].

Initially, the melt temperatures are 150.8 ◦C and 169.2 ◦C for ⍺’ and
⍺ polymorphs, respectively (Fig. 6/d). With increasing UV-C dose, Tm
decreased for ⍺ crystals but increased for ⍺’ crystals. At d= 2214 kJ/m2,

Fig. 5. Heat flow of the a) A-PLA and b) SC-PLA samples.

Á.D. Virág et al.



International Journal of Biological Macromolecules xxx (xxxx) xxx

7

Fig. 6. Changes in the thermal properties due to UV-C irradiation: a) proportion of phases in the SC-PLA, b) glass transition temperature (Tg), c) cold crystallisation
temperature (Tcc) and enthalpy, d) melt temperature (Tm) (Crystallinity was calculated with ΔH0

m2).

Fig. 7. The deterioration of the tensile properties due to UV-C irradiation: a) mean tensile curves, b) tensile strength, c) stress at break, d) Young’s modulus e)
elongation at break as a function of UV-C dose.
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the two peaks are merged and only a single peak can be seen at around
160 ◦C. Fig. 6/a shows that the proportion of crystals was unaffected by
irradiation, and the ratio of rigid amorphous and mobile amorphous
regions also remained unchanged. In contrast, Nugroho et al. [44] found
that the radiation-induced degradation of PLA films started in the
amorphous regions at lower doses and continued in the crystalline re-
gions under gamma irradiation. Our results suggest that UV-C radia-
tion–induced degradation occurs homogeneously regardless of material
structure.

Glass transition temperatures were determined from the reversing
heat flow signals of the 1st heating cycles (Fig. 6/b). Post-crystallisation
increased the Tg of the neat PLA from 63.6 ◦C to 68.4 ◦C. The Tg of the A-
PLA and the SC-PLA decreased linearly with increasing UV-C dose, but in
the case of the SC-PLA, the rate of the decrease was greater. At an
irradiance of 1107 kJ/m2, the Tg of the A-PLA and the SC-PLA samples
was the same. The reduction in Tg is due to chain scission caused by the
UV-C radiation, as segmental movements of shorter molecule chains is
initiated at lower temperatures. Fig. 6/c shows the cold crystallisation
temperature (Tcc) and cold crystallisation enthalpy (ΔHcc) calculated
from the non-reversing heat flow signal of the 1st heating ramp, in the
case of the A-PLA. Crystals could not form during the production of the
films due to rapid cooling, but cold crystallisation occurred in the DSC
pan due to heating. Tcc follows a decreasing trend with increasing UV-C
dose, while the ΔHcc shows a saturation curve. Pan et al. [45] also re-
ported a similar phenomenon that Tcc shifts to higher temperatures with
increasing molar mass.

3.2. Changes in mechanical behaviour due to UV-C irradiance

3.2.1. The deterioration of tensile properties (tensile test results)
The changes in the tensile properties due to UV-C irradiation are

shown in Fig. 7. Fig. 7/a shows the average stress–strain curves for A-
and SC-PLA specimens at different UV-C doses.

Post-crystallisation increased the tensile strength and the stress at
break of the reference specimens by 9 % and 10 %, respectively
(Table 1). However, there was no difference in strength and stress be-
tween A- and SC-PLA specimens after irradiation (Fig. 7/b, c). This can
be because strength is a minimum property, therefore crack propagation
most likely will start and run through in the weakest part (amorphous
regions). The tensile test results show that post-crystallisation did not
change the Young’s modulus (Fig. 7/d). Similar results were obtained by
Tsuji et al. [46]. Zhou et al. [47] found that the Young’s modulus of PLA
films depends on the crystallinity and the proportion of α and α’ crystals.
However, at room temperature, both the amorphous and the crystalline
regions are in a glassy state, therefore their resistance to deformation is
high.

The temperature-dependent viscoelastic properties are presented in
Section 3.2.2, where the effects of crystallinity are more pronounced.
The curves of the degraded samples have the same shape as the curves of
the undegraded PLA, but degraded specimens tend to break at lower
strains. The dependence of tensile properties on the UV-C dose (d) can be
described with suitable functions. The glassy modulus is not influenced

by molar mass [48] and do not vary as a function of crystallinity at room
temperature. Therefore, we used a fitted constant (AE) to describe E(d),
(Eq. 9):

E(d) = AE, (9)

We found that an exponential function can describe the dose
dependence of εb (Eq. 10). As there was no significant difference in εb
between A- and SC-PLA specimens (Fig. 7/e), neither qualitatively nor
quantitatively, one function was used to describe both cases.

εb(d) = Aε⋅eBε ⋅d (10)

where Aε and Bε are fitted constants.
σm is constant up to the critical dose (dcrit) [49,50], therefore we used

Eq. 11 to model its dependence on the UV-C dose. σb(d) was approxi-
mated with Eq. 12. Consequently, we define dcrit as a limit above which
σm is constant (dcrit ≈ 131 kJ/m2). At d = 1000 kJ/m2, εb(d), σb(d) and
σm(d) are all close to zero, which is consistent with the measured results.

σm(d) =
{

Aσ , if d < dcrit
AE⋅

(
Aε⋅eBε ⋅d), if d > dcrit

(11)

σb(d) =
{

Bσ⋅d+ Cσ , if d < dcrit
AE⋅

(
Aε⋅eBε ⋅d), if d > dcrit

(12)

where Aσ, Bσ and Cσ are fitted constants. The values of the fitted pa-
rameters and the goodness of the fit are shown in Table 1. Overall, the
models describe tensile strength, stress at break and elongation at break
well. The measured Young’s moduli showed a larger standard deviation,
therefore the fit was less accurate.

If d > dcrit, the stress–strain relationship is quasi-linear and σ(d) =
σb(d) = σm(d), the 0 < ε < εb(d = dcrit) region can be approximated with
Hooke’s law, with Eqs. 9–10. Eqs. 9–12 show that to model the total
tensile curve, we only need to consider the dose-dependent εb, the other
parameters are given as a function of it. Therefore, the tensile curve
(σ(ε)) can be written by Eq. 13 as the pointwise minimum of Eq. 14–16
functions.

σ(ε) = min
0≤ε≤εb

(σ1(ε) , σ2(ε) , σ3(ε) ), (13)

where:

σ1(ε) = AE⋅ε (14)

σ2(ε) = Aσ (15)

σ3(ε) = Bσ⋅

⎛

⎜
⎜
⎝

ln
(

ε
Aε

)

Bε

⎞

⎟
⎟
⎠+ Cσ (16)

From Eq. 13, we obtain the model that describes the total tensile
behaviour of the undegraded PLA. In the case of A-PLA, the model
consists of three parts. In the case of SC-PLA, the model has two parts.
Eq. 10 gives the dose dependence of the elongation at break. Therefore,
with the combination of Eq. 13 and Eq. 10, the tensile curves of the
degraded PLAs can be obtained (Fig. 8). Figs. 8/a and b illustrate the
application of the proposed model for an A-PLA irradiated with a dose of
d = 69 kJ/m2 and an SC-PLA irradiated with d = 277 kJ/m2, respec-
tively. In both cases the discrete measurement curves and the model
curves show good agreement.

The proposed models can be used to estimate the tensile properties of
amorphous and semi-crystalline PLA films as a function of UV-C dose.
Therefore, the mechanical properties of PLA films can be tailored with
UV-C light. Moreover, UV-C irradiation is often used for sterilisation
[51], during which the properties of the material deteriorate. With a
clear understanding of how UV-C doses affect the mechanical properties
of PLA films, sterilisation processes can be optimised to maintain the

Table 1
Parameters describing the UV-C dose dependence of tensile properties and the
RMSE values.

Tensile property Fitted parameters Values RMSE

E AE (GPa) 2.94 0.43
εb Aε (MPa) 3.23 0.36

Bε (MPa) − 4.58⋅10− 3 –
σm A Aσ (MPa) 52.3 1.97

SC Aσ (MPa) 57.0 2.22
σb A Bσ (MPa⋅(m2/kJ)) 0.0525 2.34

Cσ (MPa) 47.6 –
SC Bσ (MPa⋅(m2/kJ)) 0.0350 2.46

Cσ (MPa) 52.2 –
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integrity and safety of PLA-based products. However, the model spe-
cifically describes amorphous and semi-crystalline PLA films. This limits
its applicability to other types of polymers. As different polymers might
react differently to UV-C irradiation, separate models might be needed
for generalised predictions.

3.2.2. Changes in the temperature-dependent viscoelastic properties
(dynamic test results)

The dynamic mechanical properties of the films are shown in Fig. 9.
The temperature-dependent storage modulus E’(T) shows the resistance
of the material to uniaxial tensile deformation as a function of temper-
ature. Fig. 9/a shows that there is no significant difference between the
E’(T) values in the glassy state, regardless of crystallinity and the UV-C
dose. The average modulus at 40 ◦C was 2400 ± 260 MPa. This is in
good agreement with the Young’s modulus results obtained from the
tensile tests.

For SC-PLA specimens, a gradual glass transition can be observed,
resulting in an order of magnitude decrease in modulus. For the amor-
phous specimens, the decrease is 3 orders of magnitude. However, be-
tween 80 and 100 ◦C the modulus starts to increase due to
recrystallisation and increases by an order of magnitude to 106 ± 15
MPa. In the case of the SC-PLA specimens, E’(T) is also independent of
the UV-C dose in the rubbery plateau region with an average value of
161 ± 30 MPa at 140 ◦C.

We normalised each data series with their own maximum value
(Fig. 9/b). In the case of SC-PLA, glass transition shifted towards lower
temperatures with increasing UV-C dose. This was also observed in the
MDSC results. Meanwhile, the A-PLA samples showed a stochastic
transition process between 50 ◦C and 70 ◦C. It can be concluded that for
SC-PLA, increasing the UV-C dose only influences E’(T) at the glass
transition (between 55 and 90 ◦C), resulting in shift of the inflexion
point (which can be associated with Tg) towards lower temperatures.

Fig. 8. Estimation of the tensile curve of the degraded PLAs: A-PLA irradiated with d = 69 kJ/mol (a) and SC-PLA irradiated with d = 277 kJ/mol (b).

Fig. 9. Changes in temperature-dependent dynamic mechanical properties due to UV-C irradiation: a) storage modulus, b) normalised storage modulus, c) loss factor.
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Molecular changes due to heat can be studied with the loss factor
(tanδ) curves (Fig. 9/c). The peak of the curves can be related to glass
transition, where Tg is often determined from the maximum peak. The
area under the curve is related to chain segment mobility [52]. In the
case of the SC-PLA, the area under the curve is considerably smaller than
in the case of A-PLA, because the segmental motion of the chains is
limited by the crystalline parts. Similar to the E’(T) curves, the SC-PLA
also showed the peak shifting towards lower temperatures with
increasing UV-C dose, while the A-PLA showed more of a stochastic
transition. These temperature sweeps can also be used to optimise the
further processing of irradiated films, e.g. to determine the processing
window for thermoforming [53,54].

3.2.3. Changes in viscosity due to UV-C irradiation
We measured complex viscosity (η*(ω)) with an oscillatory shear

rheometer to investigate the flow properties of the PLAmelts. The curves
were converted to shear flow viscosity curves (η(γ̇)) assuming the Cox-
Merz rule applies [55]. Fig. 10/a and 10/c shows that viscosity de-
creases with increasing UV-C dose. This is expected, as the shorter the
chains, the lower the resistance to shear. We observed a 4% difference in
the zero shear viscosities between the neat A-PLA and the SC-PLA
samples (Table 3). This is in good agreement with the GPC results,
where the molar mass of SC-PLAwas decreased by 5%. The decrease can
be due to the post-crystallisation treatment.

As a function of irradiation dose, the viscosity curves varied trend-
wise from 0 to 208 kJ/m2 and can therefore be described by models.
First, we fitted the Cross-model [56] (Eq. 17) to the viscosity curves of
the neat PLA samples (d = 0 kJ/m2).

η(γ̇d) = η0

1+

(
η0 ⋅γ̇
Aη

)1− Bη
(17)

where η0, Aη and Bη are fitted parameters. η0 is the zero-shear viscosity,
Aη is the critical shear stress at the transition between the Newtonian and
power law region and Bη is the power law index.

The same model was then fitted with fixed parameters (Aη,Bη) for all
cases between d = 0 and d = 208 kJ/m2. In our previous study [25], we
showed that there is a correlation between UV-C dose and viscosity.
Here, we establish a relationship using a modified Cross-WLF model

(where we consider the irradiation dose instead of the temperature ef-
fect) to describe the effect of UV-C dose on viscosity (Eq.18–19).

η(γ̇d) = η0(d)

1+

(
η0(d)⋅γ̇
Aη

)1− Bη
(18)

η0(d) = Cη⋅e

[

−
Dηd
Eη+d

]

(19)

where Cη, Dη and Eη are fitted constants. The parameter Cη is the zero
shear viscosity of the neat PLA (η0(d = 0)), and the parameters Dη and Eη
are the WLF constants. Eq. (17) was fitted to zero shear viscosities
(Fig. 10/b and 10/d). Table 2 shows the fitted constants and the RMSE
values.

As a result, we obtained a model (Eqs. 18–19) that can estimate the
viscosity curve of the polymer as a function of UV-C dose. The goodness
of the model was rated in each case by the normalised relative mean
squared error (NRMSE) (Eq. 20). The initial stage of the measurements is
uncertain, therefore the NRMSE is calculated for measurement points γ̇>
1 1/s.

NRMSE =

̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅
∑n

i=1

(ηi,meas − ηi,model)
2

n

√

η0
⋅100 (%) (20)

The results are shown in Table 3. Up to 55 % (d = 208 kJ/m2)

Fig. 10. Changes in viscosity due to UV-C irradiation: viscosity as a function of shear rate for the a) A-PLA and b) SC-PLA. Zero shear viscosity as a function of UV-C
dose for the c) A-PLA and the d) SC-PLA. Continuous lines denote the modelled results.

Table 2
Parameters of the Cross-WLF model.

Fitted parameters Values RMSE

Aη (Pa) 2.29⋅105 -
-Bη (1) 0.19

A Cη (Pa⋅s) 3940 26.16
-
-

Dη (1) 5.3
Eη (kJ/m2) 163

SC Cη (Pa⋅s) 3783 16.85
-
-

Dη (1) 6.5
Eη (kJ/m2) 294
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reduced molar mass the NRMSE is below 3.4 %. Therefore, the proposed
model can accurately estimate the shear rate–dependent viscosity of UV-
C-degraded polymer up to a 55 % reduction of molar mass. It covers the
range of shear rates typical for compression moulding, thermoforming,
and extrusion (1–10,000 1/s) and is, therefore, suitable for optimising
the processing parameters. These findings and the model can be used to
develop strategies for recycling and reuse of UV-C irradiated PLA films,
contributing to a more sustainable circular economy.

A limitation of the model is that we assume uniform UV-C degra-
dation across the surface of the films, which may not be the case in
practical applications. Inhomogeneous degradation can occur due to
variations in UV-C exposure or composition, leading to non-uniform
changes in viscosity. This discrepancy can result in inaccurate pre-
dictions of viscosity, affecting the optimisation of processing parameters
and the quality of the final product.

4. Conclusion

In this study, we investigate the effects of UV-C irradiation on
amorphous (A-PLA) and semi-crystalline polylactic acid (SC-PLA) films.
A- and SC-PLA samples were irradiated with different UV-C doses up to
2214 kJ/m2. An average crystallinity of 43 % was achieved by heat
treatment. MDSC showed that crystallinity, crystal polymorphs and the
ratio of rigid amorphous and mobile amorphous phases were unaffected
by irradiation. GPC showed that the degradation mechanism was non-
catalytic random scission and the initial molar mass was reduced by
>90% at a dose of 2214 kJ/m2 for both A- and SC-PLA samples. The rate
of degradation was unaffected by the presence of crystalline parts up to a
dose level of 553 kJ/m2, but then slightly slowed down for SC-PLA. The
Raman spectra obtained from the cross-sections of the films showed that
the probability of the formation of oxygen-containing groups increases
with increasing UV-C dose. We proposed models to predict the me-
chanical and rheological properties as a function of UV-C dose. We
approximated the UV-C dependence of tensile properties (tensile
strength, tensile stress, Young’s modulus and elongation at break) with
suitable functions and proposed a method to describe the overall tensile
curve. We also proposed a modified Cross-WLF model which can accu-
rately describe the effect of UV-C irradiation on viscosity up to 55 %
molar mass reduction (highest NRMSE was 3.3 %). Our results provide a
comprehensive picture of the effects of UV-C radiation on the molecular
structure and thermal, rheological and mechanical properties of amor-
phous and crystalline PLA. By using the proposed models to predict
mechanical and rheological properties as a function of UV-C dose, pro-
ducers can design PLA products optimised for both durability and
recyclability. This knowledge can facilitate the creation of more effec-
tive recycling processes by accurately estimating the degradation limits
and reusability potential of PLA products, contributing to a more sus-
tainable circular economy.

Supplementary data to this article can be found online at https://doi.
org/10.1016/j.ijbiomac.2024.134247.
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[16] I. Garnica-Bohórquez, V.R. Güiza-Argüello, C.I. López-Gualdrón, Effect of
sterilization on the dimensional and mechanical behavior of polylactic acid pieces
produced by fused deposition modeling, Polymers (Basel) 15 (2023), https://doi.
org/10.3390/polym15153317.

[17] N. Krug, J.-C. Zarges, H.-P. Heim, Influence of ethylene oxide and gamma
irradiation sterilization processes on the properties of poly-L-lactic-acid (PLLA)
materials, Polymers (Basel) 15 (2023), https://doi.org/10.3390/polym15163461.

[18] Commission regulation 231/2012 laying down specifications for food additives
listed in Annexes II and III to Regulation (EC) No 1333/2008 of the European
Parliament and of the Council, Official Journal L83 (2012) 5.

[19] U.S. Environmental Protection Agency, Final Amendments to Strengthen Air Toxics
Standards for Ethylene Oxide Commercial Sterilizers, 2024.

[20] M. Mansouri, A. Berrayah, C. Beyens, C. Rosenauer, C. Jama, U. Maschke, Effects of
electron beam irradiation on thermal and mechanical properties of poly(lactic
acid) films, Polym. Degrad. Stab. 133 (2016) 293–302, https://doi.org/10.1016/J.
POLYMDEGRADSTAB. 2016.09.005.

[21] P. Benyathiar, S.E. Selke, B.R. Harte, D.K. Mishra, The effect of irradiation
sterilization on poly(lactic) acid films, J. Polym. Environ. 29 (2021) 460–471,
https://doi.org/10.1007/s10924-020-01892-8.

[22] M.A. Aboamer, A.S. Alsuayri, A. Alassaf, T.M. Alqahtani, B.A. Alresheedi, G.
N. Saijari, E.A. Osman, N.A.R. Mohamed, Hybrid radiant disinfection: exploring
UVC and UVB sterilization impact on the mechanical characteristics of PLA
materials, Polymers (Basel) 15 (2023), https://doi.org/10.3390/polym15244658.

[23] C.G. Amza, A. Zapciu, F. Baciu, M.I. Vasile, D. Popescu, Aging of 3d printed
polymers under sterilizing uv-c radiation, Polymers (Basel) 13 (2021), https://doi.
org/10.3390/polym13244467.

[24] M.H. Brown, T.D. Badzinski, E. Pardoe, M. Ehlebracht, M.A. Maurer-Jones, UV
light degradation of polylactic acid kickstarts enzymatic hydrolysis, ACS Materials
Au (2023), https://doi.org/10.1021/acsmaterialsau.3c00065.
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