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The effects of gamma and electron beam irradiation on PE/EVOH/PE film used in biopharmaceutical and biotechnological applications were screened using Fourier Transform Infrared (FTIR) spectroscopy combined with chemometric treatment. The modifications induced by different irradiation doses (25 and 50 kGy) and different post irradiation ageing periods (1, 6 and 24 months) were studied. Results show that shortly after irradiation gamma irradiated and non-sterilized samples exhibit a different behavior than electron beam irradiated samples, whereas 6 months after irradiation gamma irradiated samples are similar to electron beam irradiated samples from a polymer arrangement point of view.

Introduction

Sterilization is used as a required and standardized process in a wide variety of industrial areas such as the medical device industry, the manufacturing of single use multilayer plastic film systems for biopharmaceutics, and parenteral drugs. Using radiation in sterilization has an invaluable advantage due to its significantly low residual toxicity. Gamma irradiation has been used for many years in the sterilization process, and new alternative modalities are emerging such as electron beam and X-ray irradiation [START_REF] Dorey | An international industry and academia collaboration to supplement gamma sterilization by X-ray and E-beam technologies[END_REF][START_REF] Armenante | Sterilization processes in the pharmaceutical industry[END_REF][START_REF] Moondra | Sterilization of pharmaceuticals[END_REF][START_REF] Darwis | Radiation processing of polymers for medical and pharmaceutical applications[END_REF][START_REF] Komolprasert | Packaging food for radiation processing[END_REF] . In this article we focused first on the irradiation by electron beam. Electron beam sterilization is increasingly applied to materials as well as to pharmaceutical or food products. Since the commercialization of the electron beam more than 50 years ago, a lot of research has been done on its effects on pharmaceutical products [START_REF] Mittendorfer | Process control in electron beam sterilization of medical devices and a pathway to parametric release[END_REF][START_REF] Fifield | Direct comparison of gamma, electron beam and X-ray irradiation effects on singleuse blood collection devices with plastic components[END_REF][START_REF] Kajzer | The effect of electron beam sterilization on the physical properties of the bioresorbable polymer coatings on the titanium 6-aluminum 4-vanadium substrate[END_REF][START_REF] Mrad | A comparison of plasma and electron beamsterilization of PU catheters[END_REF][START_REF] Nakamura | Assessment of heat and storage conditions on γ -ray and electron beam irradiated UHMWPE by electron spin resonance[END_REF] . In the medical [START_REF] Valente | Effect of sterilization methods on electrospun poly(lactic acid) (PLA) fiber alignment for biomedical applications[END_REF] and pharmaceutical fields, polymers are present in many medical devices such as syringes, gloves, or single-use plastic bags. They are also used for biomaterials -biological or synthetic materials that can be introduced into body tissues as part of an implanted medical device. For food packaging, where irradiation is used for its combined, bactericidal and fungicidal actions, the degradation of irradiated polymers is studied [ 12 , 13 ].

Polymers undergo changes upon exposure to radiation. These changes are influenced by some factors, such as the chemical composition of the polymers, the presence of additives or the presence of oxygen in the environment during irradiation. The phenomena occurring in the irradiated polymers involve the formation of radicals [START_REF] Audran | Degradation of γirradiated polyethylene-ethylene vinyl alcohol-polyethylene multilayer films: an ESR study[END_REF] , changes [START_REF] Dole | A commentary on 'free radicals and new end groups resulting from chain scission: 1. γ -irradiation of polyethylene[END_REF][START_REF] Dole | Crystallinity and crosslinking efficiency in the irradiation of polyethylene[END_REF][START_REF] Dole | comparison of irradiation crosslinking and chain scission in extended chain and bulk film samples of linear polyethylene[END_REF][START_REF] Driffield | Analytical screening studies on irradiated food packaging[END_REF][START_REF] Suarez | Characterization of degradation on gamma-irradiated recycled polyethylene blends by scanning electron microscopy[END_REF][START_REF] Gaston | FTIR study of ageing of γ -irradiated biopharmaceutical EVA based film[END_REF][START_REF] Gaston | One year monitoring by FTIR of γ -irradiated multilayer film PE/EVOH/PE[END_REF] in polymer molecular weights due to crosslinking and/or chain scission, discolorations, and formation of oxidized molecules.

In this article, the effects of electron beam irradiation on polymers are discussed in comparison to those of gamma irradiation. In sharp contrast to most of the articles in literature, our approach aims to be as close as possible to the industrial conditions of irradiations as well as for the materials used. As our results must have industrial impacts, we intentionally performed experiments in industrial conditions as much as possible. Thus, the impact of two irradiation sources -e-beam and 60 Co-γ -is investigated in industrial conditions. Gamma irradiation exposes the product to photons formed with the self-disintegration of 60 Co, at a dose rate of a few kGy/h. Electron beam irradiation exposes the material to high energy electrons, generated when electrons are accelerated by an electromagnetic field in an accelerator, at a dose rate of a few thousand kGy/h. For both irradiation modalities, a sterility assurance level (SAL) of 10 -6 can be achieved [START_REF]Stérilisation des produits de santé -Irradiation -partie 1: exigences relatives à la mise au point, à la validation et au contrôle de routine d'un procédé de stérilisation pour les dispositifs médicaux[END_REF] . The advantages 

Table 1

Advantages and drawbacks of gamma and electron beam sterilization [START_REF]GIPA , IIA , a comparison of gamma, E-beam, X-ray and ethylene oxide technologies for the industrial sterilization of medical devices and healthcare products[END_REF] . and drawbacks [ 22 , 23 ] of the two modalities are summarized in Table 1 .

The aim of this work was to study the effects of gamma radiation and electron beam on the surface of the multilayer polyethylene (PE)/ethylene vinyl alcohol (EVOH)/PE (also called PE/EVOH/PE) films at different doses (25, 50 and 100 kGy) using mid infrared spectroscopy, with the same non-irradiated film being our reference. FTIR spectra were recorded and sampled at three different ageing: immediately after irradiation, 6 months, and 24 months after irradiation to check changes generated by the gamma and electron beam irradiation in the multilayer PE/EVOH/PE film. The Principal Component Analysis (PCA) method was used to magnify the effects of the weak variations of the FTIR spectra recorded from the gamma and electron beam irradiated multilayer films.

Materials and methods

Film sample

The PE/EVOH/PE film is composed of three layers, and its total thickness is 400 μm. The structure of the film is depicted in Fig. 1 . Analysis were performed on the internal and external layers. As results are similar for internal and external layers, only the internal layer results are shown and discussed in this article. To take into account the lot effect, two different lots were studied.

Storage conditions

Before irradiation each sample bag was placed in over pouches and a partial vacuum (not controlled) has been performed according to internal industrial procedures. However, materials were not O 2 -degassed, and therefore contain some level of O 2 . The overpouches were placed in the cardboard and then irradiated. After irradiation and before analysis, cardboards were stored in dark, in an air-conditioned room at 20 ± 2 °C. 

Gamma irradiation

The PE/EVOH/PE films were wrapped in multilayer Polyethylene/Polyamide (PA)/polyethylene (also called PE/PA/PE) over pouches. These over pouches were placed in the cardboard and irradiated at the irradiator bunker temperature (40 ± 10 °C) with a 60 Co gamma source at Ionisos, Dagneux, France. (A picture of the plant is shown Fig. 1 in SI file). The dose rate provided was 1-2 kGy/h. Successive gamma irradiation cycles were performed to deliver the targeted dose. Between the irradiation cycles, storage times were necessary and lasting typically from two days to weeks, to allow the appropriate dosimetry to be achieved. The details of time of exposure is shown in Table 2 . The doses averages were 29 kGy ( ±3), 59 kGy ( ±3) and 106 kGy ( ±5).

Conventional irradiation chemical processes are expected in each layer: radiation chemistry occurs in all layers as gamma radiations are largely able to reach all points of such thin materials.

Electron beam irradiation

Bags made from PE/EVOH/PE film were individually wrapped in multilayer PE/PA/PE packaging and placed side by side in an 8 cm thin cardboard box so as to have the same and only thickness of plastic material. (A picture of the plant is shown Fig. 2 in SI file).Samples were irradiated in a 10 MeV Rhodotron (Ionisos, Chaumesnil, France) with a power source at 28 kW, the dose rate being 18 MGy/h. Alanine dosimeters were used on the cardboard to assess the radiation delivered ( ±5%) to the single use bag sam- ples. The average surface dose delivered was 25 and 51 kGy for double sided irradiation.

Fourier transform infrared spectroscopy (FTIR)

The internal face of the PE/EVOH/PE film samples (12 × 10 cm) were analyzed onto the Bruker "Golden Gate" attenuated total reflectance accessory provided with a diamond crystal. The spectra for each sample were recorded from 40 0 0 to 700 cm -1 , with 4 cm -1 resolution and 64 scans, on a Thermo Nicolet Avatar spectrometer equipped with an MCT/A detector, an Ever Glo source, and a KBr/Ge beam splitter. The spectrometer was placed in an airconditioned room at 22 °C. Five spectra were recorded at different locations on the film for each sample to average the potential film inhomogeneity and measurement variability. A background scan in air (under the same resolution and scanning conditions as those used for the samples) was carried out before the five sets of acquisition. The ATR plate was cleaned in situ by scrubbing with an ethanol solution to remove any residual traces of the previous sample. Cleanliness was checked by recording a background signal. The penetration depth in the sample was of a few micrometers, depending on the IR wavelength.

Differential scanning calorimetry (DSC)

The melting temperature of each polymer which composed the multilayer film was determined using differential scanning calorimetry. Samples (20 mg) of PE/EVOH/PE multilayer film were introduced in the DCS device. Measurements were performed with a calorimeter Sensys Evo Setaram. The heating range was 23 -250 °C, and the heating rate was 10 °C/min. During the DSC experiments, air and N 2 were used as gaseous environments (N 2 flow: 16 mL/min). Four sample batches were investigated. Results are displayed as the average of these four batches. The second heating was considered to disregard the thermal history of the material. The statistical errors are calculated on the four batches.

Principal component analysis (PCA)

PCA is a multivariable technique used to reduce a large set of variables into a smaller set of variables named "principal components" [START_REF] Martens | Multivariative Calibration[END_REF] . The principal components represent the largest vari-ance in the original variables. The variations in intensity and shift of the FTIR peaks were investigated. Spectra were adjusted prior to the PCA investigation using the baseline and Standard Normal Variate (SNV) correction. The derivative was performed using the Savitzky Golay algorithm. All computations were performed using the Unscrambler X 10.5 software. More details regarding PCA are provided in SI.

Storage conditions

The samples were stored in the boxes in dark after irradiation. After gamma and electron beam sterilization, recording was performed over time at three different times: 1, 6 and 24 months (A1, A6, A6-40 °C). A1 and A6 samples were analyzed after 30 and days, respectively, at room temperature whereas A6-40 °C samples were analyzed after 235 days at 40 °C (to simulate 24 months at room temperature). This corresponding time was calculated based upon the ASTM F1980 regulation [START_REF] Committee | Guide for accelerated aging of sterile barrier systems for medical devices[END_REF] using Q10 = 2.

Results and discussion

After gamma and electron beam irradiation, any significant changes in the structure of each layer of the PE/EVOH/PE multilayer film should lead to significant changes in DSC. interestingly, melting temperature given by DSC of PE/EVOH/PE film ( Fig. 2 ) do not show significant dependence both on the modality of irradiation, on the procedure of irradiation, on doses, and ageing meaning that macroscopic or material properties are not significantly altered. However, it does not prevent to observe significant changes by spectroscopy leading to change in chemical properties, as discussed hereafter.

After gamma and electron beam irradiation, the PE/EVOH/PE multilayer film samples exhibit similar MIR (Mid-Infrared) spectra ( Fig. 3 ) displaying the characteristic bands of aliphatic hydrocarbons: ν as CH 2 : 2916 cm -1 , ν s CH 2 : 2848 cm -1 , δ as C-H in CH groups: 1467 cm -1 , δCH 2 in -(CH 2 ) n ( n > 3): 717 cm -1 . The ATR-FTIR signal (see Table 1 in SI for the assignments of the IR bands according to literature [START_REF] Socrates | Infrared and Raman characteristic Group frequencies: Tables and Charts[END_REF] ) is divided in three zones. The first zone, 3100-2650 cm -1 (red box in Fig. 3 ) corresponding to the stretching of CH 2 groups is separated from the other PCA evaluations by its high peak intensity. The second zone, 150 0-140 0 & 80 0-70 0 cm -1 (blue boxes in Fig. 3 ) highlights the potential modifications in crystallinity. The third zone, 180 0-160 0 & 1300-1100 cm -1 (purple boxes in Fig. 3 ) related to the generation of oxidation products. The spectra recorded for all samples (0 kGy -nonsterilized material, gamma irradiation doses 29, 59 and 106 kGy and electron beam irradiation 25 and 51 kGy) are displayed in Fig. 3 . Each zone is discussed separately as it corresponds to different chemical events affecting in various fashions the polymer structures. Moreover, part of these changes are also time dependent and discussed along this aspect.

For the spectral zone 3100-2650 cm -1 after one month ageing A1, Fig. 4 shows the impact of ageing for gamma irradiated samples ( Fig. 4 a) and electron beam irradiated samples ( Fig. 4 b) following the first component analysis (79 and 95% for gamma and electron beam irradiated samples, respectively). In Fig. 4 a, one month after irradiation (blue), 29, 59 and 106 kGy gamma irradiated samples are distributed on each side of the axis. This means that there is no impact of the gamma irradiation dose for the samples analyzed one month post irradiation. The same comments hold for 29 kGy gamma irradiated samples analyzed six months after irradiation. However, the negative distribution for 59 and 106 kGy gamma irradiated samples analyzed six months after irradiation denotes a significant impact of irradiation. For 6 months-40 °C after irradiation, the impact of irradiation is also observed at 29 kGy (positive distribution) as well as at 59 and 106 kGy (negative distribution). In Fig. 4 b, the one month aged electron beam irradiated samples (blue) are in the positive part of the graph whereas the 6 and 6-40 °C month aged electron beam irradiated samples (green and red, respectively) are in the negative part of the graph. This means that electron beam irradiated samples seem to be modified 1 month post irradiation and never return to their initial state. There is an impact of the ageing which is not dose dependent. The same evolution for gamma and electron beam irradiated samples for the other spectral zones is observed (not shown). For the sake of clarity, the discussion of each spectral zone is carried out for each ageing period (i.e., A1, A6 and A6-40 °C months).

The zone 3100-2650 cm -1 is ascribed to the stretching of the CH 2 groups. For one month ageing, a group for electron beam irradiated, gamma irradiated, and non-sterilized samples are observed on the plot PC1 vs PC2 ( Fig. 5 a) accounting for 99% of the total variance. A slight difference is observed between non-sterilized and gamma irradiated samples.

Gamma irradiation and non-sterilization values are mostly positive in PC1 ( Fig. 5 a), and their corresponding typical variables on the loading plot ( Fig. 5 b) are 2914 and 2848 cm -1 . Conversely, 2925 and 2854 cm -1 correspond to electron beam irradiated samples values. The first derivative form observed on the loading plot ( Fig. 5 b) originates from the peak shift observed in the spectra. A slight dose effect is observed for electron beam irradiated samples whereas no dose effect is observed for gamma irradiated samples. Fig. 6 shows an overlay of signals observed after electron beam and gamma irradiation. The repeatability of gamma and electron beam spectra is shown in Fig. 3 in SI. Electron beam irradiated sample spectra are slightly less strong than gamma irradiated sample spectra, denoting a lower number of CH 2 groups after sterilization by electron beam irradiation, which might be due to a higher number of crosslinking events. The environment of the CH 2 groups is also slightly modified, as denoted by a signal peak shift observed after electron beam irradiation. The electron beam irradiated samples show a higher number of crosslinking events probably due to the modality of radiation.

For six month ageing, in the zone 3100-2650 cm -1 , three groups are observed on the plot PC1 vs PC2 ( Fig. 7 a) accounting for 98% of the total variance: one group for of electron beam irradiated samples, one group for gamma irradiated samples, and one group for non-sterilized samples. The loading plot is identical to the one observed for 1-month ageing ( Fig. 5 b) and is shown in Fig. 4-SI. Over time, the behavior of gamma irradiated samples differs more and more from that of non-sterilized samples and resembles more and more that of the electron beam samples. This means that gamma and electron beam irradiated samples undergo a post-irradiation evolution, as already shown in Fig. 4 . The peak intensity in the 3100-2650 cm -1 range for the gamma irradiated samples decreased and became comparable to that for the electron beam irradiated samples ( Fig. 8 ). Gamma irradiated samples seem to undergo crosslinking reactions over time as electron beam irradiated samples do from 1 month after irradiation. It is important to keep in mind that the spectroscopic differences observed between gamma and electron beam irradiated samples are approx- imately 10% of the spectral variance at A6 (3100-2650 cm -1 ). This difference expresses small variations at the surface level and does not represent variations at the macroscopic level in the material. Crosslinking events discussed in the mechanistic discussion (Section 3.6) do not induce modifications at the macroscopic level and do not affect the thermal properties.

The results observed 24 months after irradiation (6 months at 40 °C) are the same as those observed 6 months after irradiation and the same comments hold. Results are reported in Fig. 6-SI.

After one month ageing, the zones 150 0-140 0 and 80 0-700 cm -1 , ascribed to the CH 2 deformation vibrations in the crystalline and amorphous part, show 2 groups ( Fig. 9 a). One group formed of electron beam irradiated samples and a group formed of gamma irradiated samples are observed on the plot PC1 vs PC2 ( Fig. 9 a) accounting for 86% of the total variance. As already reported [START_REF] Gaston | One year monitoring by FTIR of γ -irradiated multilayer film PE/EVOH/PE[END_REF] for gamma irradiation, no difference is observed between non-sterilized samples and the gamma irradiated samples. The gamma irradiated samples and non-sterilized samples present in the positive part of PC1 exhibit high band intensity at 1473 and 717 cm -1 ( Fig. 9 b). Electron beam irradiated samples present in the negative part of PC1 exhibit high band intensity at 1465, 730 and 723 cm -1 ( Fig. 9 b). This difference is likely due to the difference in crystallinity in the polymers. The 1465 cm -1 band refers to the amorphous phase whereas the 1473 cm -1 band refers to the crystalline phase [ 28 , 29 ]. It seems that the amorphous phase is greater in the electron beam irradiated samples than the gamma irradiated and non-sterilized samples, because of the rigidification due to the cross-linking. In other words, the electron beam irradiated samples seem to lose a greater part of the crystalline phases than the gamma irradiated samples. Fig. 10 also confirms this observation: the 1467 cm -1 band intensity for the electron beam irradiation (black) is higher than that for gamma irradiation (red). This difference once again expresses small variations at the microscopic level at the surface and does not represent variations at the macroscopic level in the core of the material.

For six month ageing A6, the signal evolution in zones 1500-140 0 and 80 0-70 0 cm -1 ( Fig. 11 ) is identical to the one observed in the 3100-2650 cm -1 spectral zone ( Fig. 7 ). Upon ageing, gamma and electron beam irradiated samples seem to lose part of their crystalline phase in favour of their amorphous phase. The decrease and shift of the -CH 2 stretching peak at ∼2950 cm -1 linked to the increase in the 1465 cm -1 peak intensity would indicate that elec- tron beam irradiation provokes a higher proportion of cross-linking than gamma irradiation does. The same results are observed 24 months (6 months at 40 °C) after irradiation. The behavior of the gamma irradiated samples is close to that of the electron beam irradiated samples, meaning that no more evolution is observed. Results are reported in Fig. 5 in SI.

In the spectral zone 180 0-160 0 cm -1 at any ageing, the band at 1714 cm -1 (corresponding to the C = O stretching vibration in carboxylic acid) appears only with the sample gamma irradiated at ∼100 kGy ( Fig. 12 ), as already reported [START_REF] Gaston | One year monitoring by FTIR of γ -irradiated multilayer film PE/EVOH/PE[END_REF] . Despite PCA is a powerful tool to enhance weak changes, the small intensity of this band impedes any use of it both for gamma irradiation and electron beam irradiation.

Mechanism discussion . As only surface FTIR was performed, the chemistry occurring in the internal EVOH is not discussed. Importantly, we expect same type of reactivity to occur in the PE part of EVOH polymer. Fig. 13 summarize chemical reactions likely to occur during the irradiation of PE. Under irradiation, PE affords an alkyl radical. The latter reacts by coupling with another alkyl radical providing crosslinking events (as proposed in the Sections 3.3 and 3.4.) The alkyl radical can also react with the oxygen present in the atmosphere (as conditions are not controlled) and generate carboxylic acid. The quantity of carboxylic acids directly depends on the irradiation dose [START_REF] Gaston | One year monitoring by FTIR of γ -irradiated multilayer film PE/EVOH/PE[END_REF] and likely the procedure of irradiation. That this the reason why in the Section 3.5, the band corresponding to the C = O stretching vibration in carboxylic acid is weak at doses < 100 kGy. The weak signal of carboxy group denotes a weak generation of carboxyl function meaning that the surface is almost protected of influence of O 2 (see experiment section). The generation of carboxy function occurs likely via a peracid intermediate which decomposes into oxidation products and primary alkyl radical which is either oxidized into carboxy or dimerized for chain lengthening.

The difference in crosslinking products between gamma and electron beam as well as these observed in oxidizing products with reported work are likely due to the kinetics of the reaction. These kinetics depends on the dose received in one shot (electron beam more powerful than gamma) and on the procedure of irradiations which are not controlled (i.e. different companies for electron beam and gamma and for previous work in gamma). Hence, a Fig. 13. PE reactivity under irradiation. large amount of alkyl radical generated in a poor O 2 environment will favour crosslinking events over oxidations and fragmentation events and conversely. These crosslinking events are highlighted with FTIR but not with DSC. The recrystallization from molten state is expected and could be lowered if crosslinking occurs even in the amorphous phase [ 30 , 31 ]. All in all, the extent of the crosslinking events is low and will not affect the intended use of the overall material.

Conclusion

The modifications occurring in single use plastic bags made up of a PE/EVOH/PE multilayer film up to 24 months (6 months at 40 °C) under gamma and electron beam irradiation in industrial conditions (presence of oxygen not controlled) were assessed. FTIR analyzes were performed on each sample and spectra were evaluated with PCA. Three spectral zones were defined: 3100-2650 cm -1 , 150 0-140 0; 80 0-70 0 cm -1 and 180 0-160 0; 130 0-1100 cm -1 . Different chemical evolutions are observed for gamma and electron beam irradiation. One-month post irradiation, the behavior of the electron beam and gamma irradiated samples is different from that of the non-sterilized sample. Electron beam irradiated samples seem to present a smaller number of CH 2 groups, which is probably due to crosslinking events. Moreover, there seems to be more of the amorphous phases than in the gamma irradiated and non-sterilized samples, which is again probably due to crosslinking events. Six months after irradiation, gamma and electron beam irradiated samples undergo a post irradiation evolution. These different behaviors at 6 and 24 months (6 months at 40 °C) for electron beam and gamma irradiated samples are ascribed to a loss in crystallinity. All in all, the extent of the crosslinking events is low and will not affect the intended use of the overall material. Importantly, no characteristic bands of double bond (3080 cm -1 (vibration and stretching CH2 -H of vinyl and vinylidene; 995-980 cm -1 vinyl group -CH = CH2; 895-885 cm -1 vinylydene C = CH2; 980-955 cm -1 alcene trans; 730-655 cm -1 alcene cis ; 1680-1620 cm -1 stretching (C = C)) are observed highlighting the absence of chain scission events. The radiation chemistry is the same for gamma and electron beam irradiation however a difference in proportions could be observed. No oxidation band is observed. All the spectroscopic differences observed in this study express small variations at the microscopic level at the surface and does not represent variations at the macroscopic level in the material. Differences are observed by chemometrics which are helpful to amplify small changes. However, when raw data are carefully scrutinized differences are tiny meaning that the impact of irradiation is weak, but it has still an impact on oxidation processes.
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 1 Fig. 1. Structure of PE/EVOH/PE (a), structure of PE (b) and EVOH (c).

Fig. 2 .

 2 Fig. 2. Melting point for the PE material used in the PE/EVOH/PE multilayer film according to the ageing (months), the dose (kGy) and the irradiation modality.

Fig. 3 .

 3 Fig. 3. ATR FTIR spectra for all gamma and electron beam doses on PE/EVOH/PE film: red boxes for CH 2 stretching [3100-2650 cm -1 ], blue boxes for crystallinity peaks [150 0-140 0; 80 0-70 0 cm -1 ] and purple boxes for oxidation peaks [1800-160 0; 130 0-110 0 cm -1 ]. From bottom to top IR signal for 0, 29, 59, 106 kGy doses for gamma irradiation and 25 and 51 kGy doses for electron beam irradiation (dotted lines).

Fig. 4 .

 4 Fig. 4. Colors according to ageing (blue for 1 month, green for 6 months, red for 24 months). PCA scores for all gamma irradiated sample spectra (29, 59 and 106 kGy) (a) and electron beam irradiated sample spectra (25 and 51 kGy) (b) after baseline and SNV correction for the zone 3100-2650 cm -1 .

Fig. 5 .

 5 Fig. 5. One-month ageing. a) PCA for all spectra at all absorbed doses for zone 3100-2650 cm -1 after baseline and SNV correction. b) Loading plot of PC1.
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 67 Fig. 6. Overlay of derivated (after SNV treatment) and pristine sample spectra, for electron beam and gamma irradiated samples at ∼25 kGy -1 month after irradiation -spectral zone [3100-2650 cm -1 ].

Fig. 8 .

 8 Fig. 8. Overlay of derivated (after SNV treatment) and pristine sample spectra for electron beam and gamma irradiated samples at ∼25 kGy -6 months after irradiation -spectral zone [3100-2650 cm -1 ].

Fig. 10 .

 10 Fig. 10. Overlay of derivated (after SNV treatment) and natural sample spectra for electron beam and gamma irradiated samples-1 month after irradiation -zone [150 0-140 0 & 80 0-70 0 cm -1 ].

Fig. 9 .

 9 Fig. 9. One-month ageing. (a) PCA for all spectra at all absorbed doses for zone (150 0-140 0 & 80 0-70 0 cm -1 ) after baseline and SNV correction. (b) Loading plot of PC1.

Fig. 11 .

 11 Fig. 11. Six month ageing. (a) PCA for all spectra at all absorbed doses (150 0-140 0 & 80 0-70 0 cm -1 ) after baseline and SNV correction. (b) Loading plot of PC1.

Fig. 12 .

 12 Fig. 12. Spectra of gamma irradiated and electron beam irradiated samples > 50 kGy.

Table 2

 2 Gamma irradiation time detail.

	Dose (kGy)	29	59	106	260
	Time of exposure (hours)	∼12	∼34	∼50	∼105
	Steps	3	4	5	7
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