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A B S T R A C T   

The present study investigated the effects of gamma-ray, electron beam, and X-ray radiation on polymers in EVA/ 
EVOH/EVA multilayer films. Spectroscopic methods, including FTIR and UV–Vis, were employed in conjunction 
with chemometric treatments such as PCA, SIMPLISMA treatments, and PLS models. The feasibility of dose 
prediction on multilayer film, given a known dose, is attainable across various irradiation technologies. Both 
gamma ray and X-ray exhibit comparable effects on the multilayer film, and it is feasible to anticipate the dose 
released on the film by utilizing UV–Vis spectra or infrared spectra for gamma ray or X-ray of a predetermined 
dose.   

1. Introduction 

In a wide range of industrial sectors, including the production of 
single-use systems with multilayer plastic film for biopharmaceutical 
applications, gamma sterilization is utilized as a necessary and stan-
dardized process. Due to its extremely low residual toxicity, radiation 
sterilization offers a considerable benefit. Alternative irradiation tech-
nologies have emerged (Armenante and Akiti, 2019; Darwis et al., 2015; 
Dupuy et al., 2022; Komolprasert, 2016; Moondra et al., 2018), 
including electron beam (e-beam) and X-ray, despite the long history of 
gamma irradiation in the sterilizing process. 

Polymers are used in a variety of medical and pharmaceutical 
products (Valente et al., 2016), including consumable plastic bags, 
gloves, and syringes. E-beam and X-ray sterilization are becoming more 
and more popular and numerous studies on the impact of this sterili-
zation on medicinal goods, have been conducted since the technologies 

have become commercially available. 
Previous studies have extensively examined the effects of gamma 

irradiation on EVOH and EVA polymers (Dinesh and Chikkakuntappa, 
2013; Ji et al., 2019), while only a few studies have investigated the 
effects of e-beam and X-ray irradiation (Ahmed et al., 2020; Entezam 
et al., 2017; Matsui et al., 1992). Few studies have compared the effects 
of gamma and e-beam irradiation on EVA, with gamma irradiation 
having a greater impact on physical, mechanical, and thermal properties 
(Girard-Perier et al., 2022b). Other studies have compared the effects of 
gamma and electron beam irradiation on EVA shelf life, with no sig-
nificant changes observed. Similarly, the effects of gamma and X-ray 
irradiation on the mechanical properties of EVA were found to be 
similar. For the EVA/EVOH/EVA multilayer film in this paper, various 
analytical techniques have been used to study the effects of gamma 
irradiation on different levels, but there is a lack of data on the effects of 
electron beam and X-ray irradiation on the spectroscopic properties of 
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multilayer materials. The use of ionizing irradiation as a sterilization 
method can cause bond cleavage and cross-linking, which may alter the 
physical and mechanical properties of the polymers. The chemical 
composition of polymers, the presence of additives, or the amount of 
oxygen in the surrounding environment all have an impact on polymers 
when exposed to radiation: radicals are created (Audran et al., 2015), 
the molecular weight of the polymer changes due to crosslinking, 
oxidized molecules are created, scission and other species like ions, 
excited macromolecules, etc (Darwis et al., 2015; Fifield et al., 2021; 
Matsui et al., 1992; Tarantili and Kiose, 2008). 

The literature describes the cross-linking and chain scission events 
related to the effect of radiation on molecular weight distribution. 

All these analyses (Driffield et al., 2014; Gaston et al., 2016a; Gir-
ard-Perier et al., 2022a; Tarantili and Kiose, 2008; Fifield et al., 2021) 
were performed on ready-to-use materials prepared in the factory and 
the several irradiations were performed in sterilization companies in 
classic industrial conditions. This approach has a strong limitation due 
to the non-controlled environment, which was circumvented by taking 
care on repeatability and reproducibility on the experiments. 

In this study, an ethylene vinyl acetate (EVA)/ethylene vinyl alcohol 
(EVOH)/EVA multilayer film was analyzed after irradiation with 
gamma, X-ray, and e-beam in order to evaluate the effects of the three 
irradiation technologies on the film from a spectroscopic point of view. 

A multilevel analytic approach is used for the investigation of EVA/ 
EVOH/EVA multi-layer films: (i) analysis at the macromolecular level to 
get insights into the chemical changes leading to deterioration of ma-
terial integrity by infrared spectroscopy (micro infrared and classic 
ATR/FTIR); and (ii) analysis at the molecular level to understand the 
behaviour of additive (antioxidants) by UV–Vis spectroscopy. Such 
approach generates a huge amount of data; thus, analyses of these data 
are performed using chemometrics methods such as Principal Compo-
nent Analysis PCA and partial least square regressions (PLS). The goal of 
this study is to use infrared and UV–Vis spectroscopy to compare the 
effects of gamma, X-ray and e-beam radiation on multilayer films at 
various doses using the same unirradiated films as a reference. Quanti-
tative models are built for each irradiation technology to predict the 
dose received. These models, once validated for an irradiation tech-
nology, are then used to predict the dose received for other irradiation 
technologies, in order to understand if the impact of the different irra-
diation technologies is similar. 

2. Materials and methods 

2.1. EVA/EVOH/EVA multilayer film and additives 

The two batches of EVA single-use plastic bags investigated are made 
from a multilayer film composed of one layer of EVOH sandwiched 
between two layers of EVA, with a total thickness of approximately 360 
μm. Sample bags are provided by Sartorius Stedim FMT S.A.S., Aubagne, 
France. Two different batches were examined in order to consider batch- 
to-batch variation. The different layers of these films contain additives 
such as antiblocking agents and antioxidants (AO) to stabilize them 
during the manufacturing process and during their shelf life. 

2.2. Irradiation technologies 

Precut EVA/EVOH/EVA samples were irradiated in gamma, e-beam 
and X-ray facilities. Samples were packed and wrapped in 100 ± 20 μm 
thick packaging films made of polyethylene (PE)/polyamide (PA)/PE 
during irradiation.  

• Gamma irradiation 

Gamma irradiation was carried out at room temperature with a 
cobalt-60 source at Ionisos (Dagneux, France) at a dose rate of 1–2 kGy 
h− 1. Co-60 has 1.17 and 1.33 MeV gamma energies. Multiple 

sterilization cycles were performed to obtain target doses. The waiting 
time between cycles and storage conditions were not specifically 
controlled. The actual delivered dose was measured using alanine do-
simeters on a cardboard box (±5%). For the UV–Vis and ATR-FTIR 
analyze the doses delivered are 30, 44 and 61 kGy and for the micro- 
ATR FTIR the doses delivered are 30, 59 and 106 kGy.  

• Electron beam irradiation 

For the ATR-FTIR and UV–Vis spectroscopy, e-beam irradiation was 
performed using two 10 MeV, 20 kW Mevex accelerators at Steri-Tek 
(Fremont, California, USA), the dose rate being 18 MGy h− 1. The 
delivered doses are 31, 47 and 59 kGy for double sided irradiation. 

Model B3 dosimeters were used on cardboard boxes to assess the 
radiation delivered to the film samples (±5%). For the micro-ATR-FTIR, 
e-beam irradiation was performed using a 10 MeV Rhodotron (Ionisos, 
Chaumesnil, France) with a power source at 28 kW, the dose rate being 
18 MGy h− 1 (Chmielewski and Sun, 2017; Kroc, 2023). Alanine do-
simeters were used on the cardboard to assess the radiation delivered 
(±5%) to the single-use bag samples. The delivered doses are 25 and 52 
kGy for double sided irradiation. 

•X-ray irradiation. 
X-ray irradiation has been performed at Aerial-CRT on Feerix facil-

ities. This facility is based on a Rhodotron (TT300 – IBA) and delivers X- 
ray beams. In this study, 7 MeV X-rays have been obtained from the 
conversion of 7 MeV electrons in a tantalum target. Irradiation has been 
performed with a vertical scan and a horizontal translation of products. 
The average dose rate was about 12 kGy h− 1. This, together with the 
adapted packaging of plastic parts in thin craft boxes, provides good 
treatment uniformity. 

Delivered doses are 33, 45, 60 and 99 kGy ±10% for the UV–Vis and 
ATR-FTIR analysis and for the micro-ATR FTIR the delivered doses are 
25, 50 and 100 kGy. The dose was verified by placing dosimeters in the 
cardboard box volume. Dosimetry has been performed using alanine. 

2.3. Micro ATR FTIR 

Micro-ATR-FTIR (μIR) is an extremely useful technique for con-
firming the identity of pure compounds (Voronko et al., 2014; Wrobel 
et al., 2015). The technique is based upon the identification of functional 
groups within molecules where such groups vibrations intensify through 
infrared radiation absorption (either through stretching torsion or 
bending in various ways). These vibrations and their intensity (reflec-
tance) are plotted against the wavenumbers (cm− 1) to which the sample 
is exposed to produce an FTIR spectrum. Micro-ATR-FTIR makes it 
possible to analyze surfaces that are theoretically as small as the limit 
imposed by the diffraction of infrared radiation. Using the most 
powerful microscopes equipped with sophisticated optical systems and 
highly sensitive detectors, it is possible to analyze areas as small as 10 
μm × 10 μm (Gardette, 1998). The obtain spectra are not saturated. The 
cross-section (Fig. 1) of each EVA/EVOH/EVA film sample was analyzed 
starting from the external face to the internal face. The set of spectra 
produced is called a mapping. The spectrometer used was a Thermo 
Nicolet Scientific MIR spectrometer with a microscope and ATR module, 
model IN10, with MCT detectors cooled with liquid nitrogen for better 
sensitivity. The spectrometer was placed in an air-conditioned room at 
22 ◦C. Between each analysis, the KBr/Ge beam splitter was cleaned 
with an ethanol solution. At the beginning of each analysis, a reference 
spectrum was recorded, and the spectra were recorded with 16 scans and 
a resolution of 8 cm− 1. Each mapping was recorded in line form (Fig. 1) 
and the spectra were acquired every 10 μm. We did not consider spectra 
with too low signal-to-noise ratio; a total of 293 recorded spectra are 
available for chemometric analysis. 
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2.4. ATR-FTIR 

Fourier transform infrared spectroscopy (FTIR) was used to charac-
terize chemical property changes on the polymer surface. After condi-
tioning (23 ◦C and 50% relative humidity for at least 40 h), the samples 
were measured by Alpha II FTIR spectrometer (Bruker Corporation, MA, 
USA) with a diamond attenuated total reflection (ATR) crystal. The 
spectra of each sample were recorded from 4000 to 400 cm− 1 with 64 
scans and a resolution at 4 cm− 1. For each sample, spectra were 
measured at four locations near the four edges of the sample. We did not 
consider spectra with too low a signal-to-noise ratio; a total of 220 
recorded spectra are available for chemometric analysis. 

2.5. Ultraviolet spectroscopy (UV–Vis) 

UV–Vis spectroscopy is one of the most simple and economical 
methods for analysis of polymer film (Di Benedetto and Breuil, 2007; 
NicDaéid, 2018). UV–Vis transmittance from 200 nm to 800 nm was 
measured on a Cary 5000 UV–Vis–NIR spectrophotometer (Agilent 
Technologies, Inc.) with a solid sample holder. Three films irradiated at 
30, 45, 60 kGy by gamma, e-beam and X-ray technologies were tested. 
Each film sample was tested three times. Prior to testing, the incident 
beam in the spectrometer was turned on for at least 30 min until it fully 
stabilized. Baseline scans (100% transmittance) were performed using 
the sample holder. Stabilization of the beam source was checked by 
examining the smoothness of the baseline. 

2.6. Curve resolution method (SIMPLISMA) 

The SIMPLe-to-use Interactive Self-modelling Mixture Analysis 
(SIMPLISMA) method, described in the literature (Gemperline, 1989; 
Hamilton and Gemperline, 1990; Windig, 1994, 1997; Windig and Ste-
phenson, 1992; Windig and Guilment, 1991), was used for 
self-modelling mixture analysis by resolving mixture data into pure 
component signal and concentration profiles without the help of prior 
information about the mixture. Plastics are always a mixture of polymers 
and additives. SIMPLISMA will consider as “pure” either a 
mono-material or a mixture which evolves in a consistent way after 
irradiation (Gaston et al., 2018). When the radicals have the same ki-
netic trend and the same concentration profile, this tool is unable to 
differentiate the characteristics of different components. SIMPLISMA 
analysis is based on least squares optimization to determine the pure 
signal that has received the contributions from only one component. To 
properly handle noise, peak shifts, and instrument drift, user in-
teractions are required (Audran et al., 2015). 

The fitting of the SIMPLISMA results is calculated using the Relative 
Residual Sum of Squares (RRSSQ) (Windig, 1994), square sum between 
the calculated and the original spectra. The SIMPLISMA data treatments 
are performed with MATLAB 2009 software. 

2.7. Principal Component Analysis (PCA) 

Principal component analysis (PCA) is a tool commonly used in 
chemometrics (Kumar et al., 2014; Martens and Naes, 1989) and was 
described in a previous study (Audran et al., 2015). Each principal 
component (PC) is constructed to maximize the variance extracted from 
the remaining data. The projection of the scores in the space defined by 
the PCs gives an overview of the similarities and differences between the 
samples, while the loadings indicate which variables bring more infor-
mation to each PC. In this study, we considered for each model only the 
PCs containing more than 15% of the variance. Thus, in some cases only 
the first PC was relevant, and the scores could be represented as a bar 
chart. In other cases, the first two PCs were relevant, and the scores 
could be represented as a scatter plot. 

PCA was performed on spectra acquired in μIR on irradiated film 
EVA/EVOH/EVA by gamma, e-beam, and X-ray at 25, 50 and 100 kGy. 
To highlight the impact of the irradiation technology, only two ageing 
scenarios were selected (12 months for non-irradiated samples and 6 
months). The spectra were corrected with a baseline and standard 
normal variate (SNV) pretreatment to correct for additive and multi-
plicative effects. PCA models were performed using CAMO (Computer 
Aided Modelling, Trondheim, Norway) software UNSCRAMBLER X.1. 

2.8. Partial least square model (PLS) 

Partial least squares (PLS) regression (Daszykowski et al., 2007; 
Ergon and Esbensen, 2002; Liang and Kvalheim, 1996; Martens, 1979; 
Sjöström et al., 1983) is a supervised method which is based on the 
relation between signal intensity (spectrum) and the characteristics of 
the sample (Y variable). Interference and overlapping information may 
be overcome by using a powerful multicomponent analysis such as PLS. 
The algorithm is based on the ability to mathematically correlate spec-
tral data to a property or a concentration. PLS models were performed 
using CAMO (Computer Aided Modelling, Trondheim, Norway) soft-
ware UNSCRAMBLER X.1. 

3. Results and discussion 

The modifications of the film after irradiation by gamma, e-beam and 
X-ray are analyzed on several scales: to the cm2 with analysis in UV–Vis, 
to the mm2 with analysis in infrared and to some μm2 with analysis in 
μIR. 

3.1. ATR-FTIR 

The infrared spectra of the EVA/EVOH/EVA multilayer film non- 
irradiated and irradiated by gamma, e-beam, and X-ray doses ranging 
from 30 to 60 kGy displayed in Fig. 2. According to the literature 
(Gaston et al., 2016a), the main signal changes are observed in the 

Fig. 1. (a) Representation of EVA/EVOH/EVA multilayer film; arrow represents the cross-section (b) microscopic image of cross-section of multilayer film.  
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carboxylic acid region (1737 cm− 1). The IR assignments of the EVA and 
EVOH spectra are given in Table S1 in accordance with the literature 
(Gaston et al., 2016a; Wool et al., 1986). The peak at 2916 cm− 1 cor-
responds to the antisymmetric stretching (νCH2), the peak at 2848 cm− 1 

corresponds to the symmetric stretching (νCH2), and the peak at 1737 
cm− 1 corresponds to the νCO of the ester. Peaks included between 1470 
and 1360 cm− 1 correspond to the deformation in the plane of the δCH2 
and δCH3 groups. Peaks included between 1300 and 1020 cm− 1 corre-
spond to the stretching νCO, the peak at 730 cm− 1 (shoulder) corre-
sponds to the inner rocking vibration of CH2 in the crystalline part 
(δCH2), and the peak at 719 cm− 1 corresponds to the inner rocking vi-
bration of CH2 in the amorphous part (δCH2) (Gaston et al., 2016a). 

3.1.1. Principal component analysis 
The PCA displayed in Fig. 3 concerns the FTIR fingerprint spectral 

region [1800–700 cm− 1] and is performed on the 220 spectra repre-
senting the effects of all irradiation doses and technologies. For this 
region, the EVA spectra are baseline corrected and normalized. The first 
principal component (PC1) represents 52% of the total variance of the 
modification of the spectra. The second component (PC2) represents 
22% of the total variance. In PCA approach, the data are clustered based 
on the similarities between samples by plotting two principal compo-
nents relative to each other. All changes observed in PC1 and PC2 are 
correlated with the irradiation dose, regardless of the technology. 
Principal components (PCs) describe the variations among the objects in 
decreasing order, from the greatest to the smallest. 

Fig. 3a displays then two different groups, the irradiated and the non- 
irradiated samples. Neither the effect of the different radiation tech-
nologies is visible, nor is the effect of the dose received at 30, 45 and 60 
kGy. The first two components are the difference between the irradiated 
and non-irradiated spectra. Representation of variables PC1 and PC2 
(Fig. 3b and c) highlight the wavenumbers contributing to the differ-
ence. No difference is observed on the investigated irradiation 
technologies. 

When irradiated the primary signal change is noticeable in the 
carbonyl zone (1720-1740 cm-1). No signal changes are noticeable in 
the carboxylic acid zone (around 1714 cm-1) and the trans alkene zone 
(between 880 and 980 cm-1). The extent of these changes do not varies 
clearly depending on the absorbed dose with a different technologies, as 
shown in Fig. 3a and emphasized by the PCA. The peaks observed in the 
730–700 cm-1 zone do not exhibit strong variation in the absorbed 
doses. 

3.1.2. PLS regression 
As the PCA showed that the unirradiated samples were slightly 

different from the irradiated samples, we quantified the dose received by 
those samples. A PLS regression was modeled to do so. The purpose of 
the PLS model is to extrapolate the effect of irradiation on the EVA/ 
EVOH/EVA film to simulate the radiation dose received by the polymers 
regardless of the radiation source. We applied 3 PLS models, one for 
each irradiation technology. 

Half of the non-irradiated samples and all samples irradiated at 30 
and 60 kGy using gamma radiation were used for modelling. Samples 
irradiated at 45 kGy by gamma rays and half of the non-irradiated 
samples are used for prediction (Table S2). The modelling results (R2 

= 0.99, RMSEC = 1.52) show that a good correlation is obtained be-
tween the infrared spectra and the absorbed gamma radiation dose. The 
model was then used to predict the absorbed dose for samples irradiated 
by X-ray or e-beam at 30, 45 and 60 kGy (Fig. 4a). The results show that 
X-ray doses are correctly predicted while e-beam doses are 
underestimated. 

A similar model was built for the X-ray irradiated samples. Half of the 
non-irradiated samples and all samples irradiated at 30 and 60 kGy 
using X-ray irradiation were used for modelling. Samples irradiated at 
45 kGy by X-ray and half of the non-irradiated samples are used for 
prediction (Table S2 in SI). The modelling results (R2 = 0.99, RMSEC =
1.94) show that a good correlation is obtained between the infrared 
spectra and the X-ray absorbed radiation dose. The model was then used 
to predict the absorbed dose for samples irradiated by Gamma or e-beam 
at 30, 45 and 60 kGy (Fig. 4a). The results show that gamma doses are 
correctly predicted while e-beam doses are underestimated. 

A model was then built for the e-beam irradiated samples. Half of the 
non-irradiated samples and all samples irradiated at 30 and 60 kGy 
using e-beam were used for modelling. Samples irradiated at 45 kGy, 
and half of the unirradiated samples are used for prediction. The 
modelling results (R2 = 0.99, RMSEC = 3.38) show that a good corre-
lation is obtained between the infrared spectra and the received e-beam 
doses. The prediction results (Table S2) show that the model is appli-
cable: non-irradiated samples are predicted with an average dose of 1 
kGy, the dose of samples irradiated at 45 kGy by e-beam is predicted as 
43.6 kGy. The model used to predict the absorbed dose for samples 
irradiated by gamma or X-ray at 30, 45 and 60 kGy show that X-ray 
doses and gamma doses are overestimated. Consequently, e-beam irra-
diation produces effects in different proportion on polymers than 
gamma and X-ray irradiation technologies, and the PLS models under-
estimate the expected dose for the electron beam. The gamma and the X- 
ray impact prediction are both in good agreement as they are both 
photon based technologies delivering doses in similar dose rate range. X- 
ray technology can deliver dose with dose rate <100 kGy h− 1 and 
gamma technology deliver dose with dose rate <10 kGy h− 1. E-beam 
technology can deliver dose with dose rate <30,000 kGy h− 1. We know 
according to ISO11137 that normally the higher the dose rate, the lower 
the impact on polymers without details on this statement. This could 
explain that e-beam production is not in agreement with the other ones. 

The plot of the spectra (Fig. 5) displays that the effects of three 
irradiation technologies are different. The effect on the band at 720 
cm− 1, which corresponds to the inner rocking vibration of CH2 in the 
amorphous part (δCH2) varies with the technology used. e-beam irra-
diation has a lesser effect on the crystallinity of the polymer compared to 
gamma and X-ray irradiation. 

3.2. Micro infrared (μIR) 

To complement the previous ATR study on the surface of the 
multilayer film, we analyzed the cross section of the film by μIR (Fig. 1). 
The aim of this analysis is to evaluate the effects inside the film and to 
conclude on the homogeneity of the film after irradiation with gamma, 
e-beam and X-ray. 

Fig. 2. Overlay of 220 EVA/EVOH FTIR spectra for non-irradiated samples.  
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Fig. 3. PCA of 220 EVA spectra of non-irradiated and gamma, e-beam and X-ray irradiated samples at 30, 45 et 60 ± 10% kGy•h− 1. Spectra are baseline corrected 
and normalized. a) Score plot of PCA with irradiation technology (NS: non-irradiated, EB: e-beam irradiation, GM: gamma irradiation, RX: X-ray irradiation). (b) 
Loading plot of PC-1. (c) Loading plot of PC-2. 

Fig. 4. PLS model using ATR spectra of (a) gamma irradiated samples. (b) X-ray irradiated samples. (c) e-beam irradiated samples. Labels correspond to predicted 
doses. Missing data were used to build models. 
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3.2.1. PCA 
The PCA displayed in Fig. 6 concerns the carbonyl and ester zones 

[1800–700 cm− 1] and is based on the 293 spectra measured on the 
cross-section, 6 months after irradiation for each dose and irradiation 
technology. The cross-section spectra are baseline corrected and 
normalized. The first principal component (PC1) represents 73% of the 
total variance of the modification of the spectra. The second component 
(PC2) represents 11% of the total variance. 

Fig. 6 displays the PCA score, and the variable plot displays the μIR 
spectra of the main species present in the cross-section. The presence of 
oxidized EVA cannot be detected, as the acid peak at 1714 cm− 1 is not 
visible in the spectrum obtained after PCA. The intensity of the char-
acteristic peak of the ester at 1739 and 1238 cm− 1 is high, so PC1 rep-
resents the pure EVA spectra. Similarly, it is not possible to detect the 
EVOH layer with this analysis method, the typical EVOH peak is the 
deformation of –OH peak at 1100 cm− 1. The PC1 score displays no effect 
of dose or irradiation technology. The samples are not grouped with 
their irradiation mode, or with the absorbed radiation dose of the film as 
no changes in the apparent cross-section of EVA layer after irradiation 
are observed. As the EVOH layer is not detected, only the score of the 
EVA spectra was analyzed. There would be no correlation between the 
doses or the irradiation technologies if the main species present in all 
spectra analyzed after irradiation are similar to those present before the 
irradiation. Detailed explanation of PCA could be find in reference 
(Gaston et al., 2016b). 

3.2.2. SIMPLISMA 
To further examine the results on the μIR spectra, SIMPLISMA 

treatment was applied. This method is applied to the 293 spectra 
recorded for non-irradiated and irradiated samples by gamma, e-beam, 
and X-ray. The analysis gives a result corresponding to a pure spectrum 
of the main species; a reconstructed spectrum is sufficient to take into 
account in the data set (RRSSQ = 0.02). The concentration profile of the 
pure component is used to define the presence of that component in each 
spectrum analyzed. Profiles are obtained for each irradiation technology 
at different doses after processing data with SIMPLISMA. 

The extracted spectrum represents the EVA spectrum (Fig. S1 in SI), 
involve 98% of the species present in the spectra analyzed by μIR on the 
cross-section. The narrow thickness of the EVOH layer (5 μm) does not 
allow its analysis by this technique. The μIR method supports the 
conclusion that there is no modification of the EVA layer in the multi-
layer film after irradiation by gamma, X-ray, or e-beam radiation at a 
dose below 100 kGy. 

3.3. UV–visible spectroscopy (UV–Vis) 

Fig. 7b displays the UV–Vis spectra of multilayer EVA/EVOH/EVA 
film non-irradiated and irradiated at 50 and 100 kGy by gammas, e- 
beam and X-ray radiation. 

The spectra of non-irradiated and irradiated films are different 
(Fig. 7), it can be due to radiation affects the antioxidants present in 
samples (Tao et al., 2020). For the three irradiation technologies, the 
UV–Vis band present on the spectrum between 250 and 300 nm (Fig. 7) 
is similar, but the intensity of this band differs between gamma, e-beam 
and X-ray. 

The aim of the PLS model is to extrapolate the effect of irradiation on 
the EVA/EVOH/EVA film, to know the radiation absorbed dose to the 
polymers regardless of the irradiation technologies. We performed three 
PLS models, one for each irradiation technology. 

For the three PLS models, half of the non-irradiated samples and all 
of the 30 and 60 kGy irradiated samples were used. Samples irradiated at 
45 kGy and half of the non-irradiated samples are used for prediction. 
The model was then used to predict the dose absorbed by samples 
irradiated by two other irradiations at 30, 45 and 60 kGy (Table S3 in 
SI). 

3.3.1. Gamma irradiation partial least square model 
The first model calibration is based on the UV–Vis spectra of samples 

irradiated by gamma. The modelling results (R2 = 0.99, RMSEC = 3.03) 
show that a good correlation is obtained between the UV–Vis spectra 
and the absorbed gamma dose. The prediction results show that the 
model is applicable: the dose of non-irradiated samples is predicted with 
an average dose of 0 kGy, and the dose of samples irradiated by gamma 
at 44 kGy is predicted with an average dose of 43 kGy (Fig. 8). The 
model was then used to predict the dose received for samples irradiated 
by X-ray at 30,45, 60 and 100 kGy or e-beam at 30, 45 and 60 kGy. The 
results show that X-ray and e-beam doses are underestimated. 

3.3.2. X-ray partial least square model 
The second model (Fig. 9) is based on the UV–Vis spectra of samples 

irradiated by X-ray, the modelling results (R2 = 0.97, RMSEC = 7.1) 
show that a good correlation is obtained between the UV–Vis spectra 
and the X-ray dose absorbed. The prediction results show that the model 
is applicable: the dose of non-irradiated samples is predicted with an 
average dose of 3 kGy, and the dose of samples irradiated at 45 kGy is 
predicted at 45 kGy. The model was then used to predict the dose 
received for samples irradiated by gamma or e-beam at 30, 45 and 60 
kGy. The results show that gamma doses are correctly predicted while e- 
beam doses are underestimated. 

3.3.3. e-beam partial least square model 
The model (Fig. 10) is based on the UV–Vis spectra of samples irra-

diated by e-beam, the modelling results (R2 = 0.99, RMSEC = 2.31) 
show that a good correlation is obtained between the UV–Vis spectra 
and the e-beam dose absorbed. The prediction results show that the 
model is applicable: The dose of non-irradiated samples predicted with 
an average dose of − 1 kG y, and the dose of samples irradiated by e- 
beam at 47 kGy is predicted at 47 kGy. The model was then used to 
predict the dose received for samples irradiated by gamma or X-ray at 
30, 45 and 60 kGy. The results show that gamma and X-ray are 
overestimated. 

The three loadings (Fig. 11) represent the wavelength most corre-
lated to the irradiation doses in each PLS model. The representation of 
the loadings differs according to the irradiation technology. As already 
explained in FTIR-ATR section, the gamma and the X-ray impact pre-
diction are in good agreement certainly due to the fact dose rate are 
quite similar. The extend of the by-product concentration could be 
different. Their identification is provided in another reference (Dorey 
et al., 2020). 

Fig. 5. Spectra representing model PLS (black line) with gamma irradiated 
samples, (red line) with X-ray irradiated samples and (blue line) with e-beam 
irradiated samples at 25, 50 and 100 kGy ± 10%. 
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Fig. 6. PCA of 293 EVA spectra of non-irradiated and gamma, e-beam and X-ray irradiated samples at 25, 50 et 100 ± 10%. Spectra are baseline corrected and 
normalized. (a) Score plot of PCA with dose labels (b) Loading plot of PC1. G, X, E, NS stand for gamma, X-ray, e-beam, non-sterile respectively. The peak at 1737 
cm− 1 corresponds to the νCO of the ester. Peaks included between 1470 and 1360 cm− 1 correspond to the deformation in the plane of the δCH2 and δCH3 groups. 
Peaks included between 1300 and 1020 cm− 1 correspond to the stretching νCO, and the peak at 719 cm− 1 corresponds to the inner rocking vibration of CH2 in the 
amorphous part (δCH2). 

Fig. 7. (a) UV–Vis spectra of antioxidants dissolved in DCM: BHT (black line), Irganox® 1076 (red line), Irganox® 1010 (blue line) and Irgafos® 168 (green line). (b) 
Multilayer film non irradiated (black line), irradiated at 50 kGy (solid line) and 100 kGy (dotted line) by gamma (red line), X-ray (green line) and e-beam (blue line). 
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4. Conclusions 

The multilayer film composed of EVA/EVOH/EVA underwent anal-
ysis subsequent to gamma, e-beam, and X-ray irradiation at various 
scales. The analysis was conducted at a cm2 scale using UV–Vis analysis, 
at a mm2 scale using infrared analysis, and at a few μm2 scale using 
micro infrared method. 

The utilization of micro-infrared analysis does not discern the 
varying effects of the three irradiation technologies on polymers. 

The feasibility of estimating the absorbed dose of a multilayer film 
can be achieved through UV–Vis or FTIR analysis of the impact of 
irradiation on the film, given a predetermined irradiation dose. None-
theless, the extrapolation of the absorbed dose modelling is not uni-
versally applicable to all irradiation technologies. The estimation of 
absorbed dose in e-beam irradiated films is undervalued when projected 
from models based on gamma or X-ray. The impact of e-beam irradia-
tion, as assessed through UV–Vis and FTIR analysis, differs from that of 
gamma and X-ray irradiation on the multilayer film. 

Both gamma ray and X-ray exhibit comparable effects on the 
multilayer film, and it is feasible to anticipate the absorbed dosage of the 

film by utilizing UV–Vis spectra or infrared spectra for gamma ray or X- 
ray of a predetermined dose. The modifications after gamma and X-ray 
irradiations are close to the methodology detection capability, revealing 
the modifications happen in low extent. 
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