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Introduction

Polytetrafluoroethylene (PTFE) is probably the most wellknown polymer within the family of fluoro-plastics. Its structure (-C 2 -F 4 -) n has fluorine atoms bonded in a helix form around the carbon backbone [START_REF] Li | Chapter five -radiation degradation or modification of poly(tetrafluoroethylene) and natural polymers[END_REF]. Both C-C and C-F chemical bonds are extremely strong bonds (372 kJ/mol for C-C and 500 kJ/mol for C-F) [START_REF] Li | Chapter five -radiation degradation or modification of poly(tetrafluoroethylene) and natural polymers[END_REF][START_REF] Galante | Study on application of PTFE, FEP and PFA fluoropolymers on radiation dosimetry[END_REF][START_REF] Henri | Thermal ageing of PTFE in the melted state: Influence of interdiffusion on the physicochemical structure[END_REF]. The large size of fluorine atoms compared to the size of carbon atoms and the high electronegativity make the polymer with a long and rigid linear chain, which is the reason for the high thermal stability of the PTFE molecule (operating temperature up to 260 °C) [START_REF] Galante | Study on application of PTFE, FEP and PFA fluoropolymers on radiation dosimetry[END_REF][START_REF] Henri | Thermal ageing of PTFE in the melted state: Influence of interdiffusion on the physicochemical structure[END_REF][START_REF] Liu | Structural changes of polytetrafluoroethylene during irradiation in oxygen[END_REF], and high stability to most chemical solvents [START_REF] Lappan | Changes in the chemical structure of polytetrafluoroethylene induced by electron beam irradiation in the molten state[END_REF][START_REF] Tian | Surface modification of PTFE by 60Co γ-ray irradiation[END_REF].

PTFE is considered as one of the most important thermal insulation materials used around the main body of spacecrafts, in order to provide thermal insulation of the electronic components of the satellite [START_REF] Everett | Chemical alteration of poly(tetrafluoroethylene) teflon induced by exposure to vacuum ultraviolet radiation and comparison with exposure to hyperthermal atomic oxygen[END_REF][START_REF] Paulmier | Radiation-induced conductivity of space used polymers under high energy electron irradiation[END_REF][9]. It is also one of the most commonly used polymers for electrical insulation [START_REF] Henri | Thermal ageing of PTFE in the melted state: Influence of interdiffusion on the physicochemical structure[END_REF] due to its excellent dielectric strength, beyond 150 kV/mm under DC stress at 340 °C [START_REF] Huang | Morphological evolution of polytetrafluoroethylene (PTFE) during thermal-oxidative ageing above and below the melting temperature[END_REF].

The satellites are permanently exposed while in space to the gamma rays emitted from the sun [START_REF] Mohammadian-Kohol | Effect of gamma irradiation on the structural, mechanical and optical properties of polytetrafluoroethylene sheet[END_REF][START_REF] Ma | Change in surface microstructure and properties of PTFE after solar radiation and its mechanism[END_REF]. The degradation of PTFE films by gamma rays may lead to the reduction of satellite life in space operation. Therefore, the study of gamma irradiation of insulating materials and understanding their effects on the chemical structure and thermal properties, as well as the dielectric properties, are of great importance. PTFE is also used as insulation in a wide variety of wire and cables in applications requiring demanding thermal properties as with aircraft industry and in nuclear power plants. Radiation effects need therefore to be investigated even in aerobic conditions as the presence of oxygen decreases its radiation resistance [START_REF] Wyszkowska | Functional properties of poly (tetrafluoroethylene)(PTFE) gasket working in nuclear reactor conditions[END_REF].

The study of the effects of low dose gamma irradiation < 200 kGy on PTFE has been the subject of much research [START_REF] Serov | Double melting in polytetrafluoroethylene γ-irradiated above its melting point[END_REF]. Previous works on this topic have shown that PTFE undergoes degradation upon exposure to gamma ionizing radiation [START_REF] Oshima | Improvement of radiation resistance for polytetrafluoroethylene (PTFE) by radiation crosslinking[END_REF]. Therefore, even a low dose of irradiation either in air or under vacuum can lead to a significant decrease in its mechanical properties and molecular weight [START_REF] Su | Study on polytetrafluoroethylene aqueous dispersion irradiated by gamma ray[END_REF]. The radiation sensitivity of PTFE has been attributed to the presence of oxygen in the irradiation system, which participates in radiation-induced reactions [START_REF] Zhong | Radiation stability of PTFE irradiated under various conditions[END_REF][START_REF] Fischer | FTi.r Spectroscopy on electron irradiated polytetrafluoroethylene[END_REF][START_REF] Fisher | Effect of ionizing radiation on the chemical composition, crystallinity, and processibility of polytetrafluoroethylene[END_REF].

Radiation sensitivity of PTFE can be exploited positively at the processing level. To reduce the cost of producing PTFE, many scientists and other professionals are concentrating on employing gamma or electron beam irradiation to improve crosslinking around the melting point [START_REF] Serov | Double melting in polytetrafluoroethylene γ-irradiated above its melting point[END_REF][START_REF] Zhong | Radiation stability of PTFE irradiated under various conditions[END_REF][START_REF] Fischer | FTi.r Spectroscopy on electron irradiated polytetrafluoroethylene[END_REF][START_REF] Fisher | Effect of ionizing radiation on the chemical composition, crystallinity, and processibility of polytetrafluoroethylene[END_REF][START_REF] Lappan | Radiation-induced branching and crosslinking of poly(tetraf luoroethylene) (PTFE)[END_REF][START_REF] Oshima | Radiation-induced free radicals and their behaviour in crosslinked polytetrafluoroethylene (PTFE)[END_REF][START_REF] Oshima | Chemical structure and physical properties of radiation-induced crosslinking of polytetrafluoroethylene[END_REF].

Oshima et al. have studied the crosslinking of PTFE under gamma irradiation by electron spin resonance (ESR) spectroscopic analysis [START_REF] Oshima | Radiation-induced free radicals and their behaviour in crosslinked polytetrafluoroethylene (PTFE)[END_REF][START_REF] Oshima | Chemical structure and physical properties of radiation-induced crosslinking of polytetrafluoroethylene[END_REF]. During irradiation in oxygen, free radicals ( -CF 2 -ĊF -CF 2 -and-CF 2 -C Ḟ2 ) are formed in amorphous regions and then converted into peroxy radicals (

-CF 2 -CF 2 O Ȯ,-CF 2 -CF(O Ȯ) -CF 2 -)
by oxidation reaction at low temperature. Liu et al. were the first to report on lattice expansion and crystallite size increase in irradiated PTFE [START_REF] Liu | Structural changes of polytetrafluoroethylene during irradiation in oxygen[END_REF]. They explained this expansion by the formation of new groups during irradiation and their incorporation into the crystal lattice, leading to deformation of the lattice cell and ultimately to the expansion of the material.

Numerous studies have been carried out on the effect of gamma irradiation on mechanical properties. As an example, Mohammadian-Kohol et al. reported on an increase in stiffness with a decrease in tear strength of the PTFE sheet as the dose absorbed by the PTFE is increased [START_REF] Mohammadian-Kohol | Effect of gamma irradiation on the structural, mechanical and optical properties of polytetrafluoroethylene sheet[END_REF]. Furuta et al. also showed that as the gamma irradiation dose increases, the tensile strength of PTFE decreases significantly with decreasing crystal size [START_REF] Furuta | Molecular level analyses of mechanical properties of PTFE sterilized by Co-60 γ-ray irradiation for clinical use[END_REF][START_REF] Li | Study on structural evolution of polytetrafluoroethylene irradiated by electron beam under stretching using SAXS/WAXS[END_REF].

Though many researchers have studied the degradation of PTFE by gamma irradiation, a literature survey indicates that the effect of gamma irradiation on the dielectric properties of PTFE, in particular, dielectric permittivity and dissipation factor is still not completely understood. This study aims to report the correlation between structural, thermal, and dielectric properties of the gamma-irradiated PTFE thin films.

Materials and methods

Materials

The PTFE polymer films of 200 µm thickness were obtained from Goodfellow company and were used without any further treatment.

Gamma ray irradiation

The polymer samples of size 5 × 5 cm 2 were selected. Some samples were kept as virgin and the other samples were subjected to 60 Co gamma radiation source in air at room temperature with a dose rate of 22 Gy/min. Total doses of 30, 60, 100 and 200 kGy were adopted in this work.

Fourier-transform infra-red spectroscopy

FTIR spectra were recorded using a VERTEX 70 infrared spectrometer under transmission and attenuated total reflection (ATR) modes, designed for data acquisition in the region 400-4000 cm -1 with z resolution of 1 cm -1 . The purpose of using the reflection mode is to avoid peak saturation appearing in the transmission mode.

Differential scanning calorimetry

The Differential Scanning Calorimeter (DSC) method was used to investigate modifications in the thermal behaviour in virgin and irradiated PTFE. Our measurements were carried out using a TA Instruments Q2000 DSC. The calorimeter was previously calibrated with indium at the same heating/cooling rates employed in the analysis. Samples with a weight of 10 mg were enclosed in hermetic aluminium pans. A typical protocol consisting of two consecutive scans of cooling / heating thermal cycles has been followed. A temperature range from -100 up to 355 °C with a cooling/heating rate of 10 °C/min has been applied under a nitrogen atmosphere in order to prevent thermal degradation. Only the second scan is presented and analysed in this paper as the first scan is just used to erase the thermal history.

Dielectric spectroscopy

Dielectric spectroscopy measurements were performed using a Novocontrol Alpha-A broadband dielectric spectrometer under a nitrogen atmosphere with a temperature scan between -150 to 150 °C in steps of 20 °C, under a sinusoidal AC voltage Vrms value of 1 V.

The frequency range is from 1 Hz to 1 MHz. The temperature control and the resolution of the dissipation factor are given with precision of ± 0.1 °C and 5 × 10 -5 respectively.

The samples were provided with circular electrodes formed by sputtering a thin layer of gold (approximately 50 nm). The metallization diameter is directly linked to the sensitivity of the measuring bench where the capacitance is ideally equal to C 0 = 100 pF. Based on that, the electrode diameter for 200 µm-thick PTFE is D = 3 cm.

Results and discussion

Physicochemical analysis

The infrared transmission (FTIR) and reflection (ATR -FTIR) spectra of non-irradiated PTFE and of PTFE irradiated at different doses of gamma rays are shown in Figs. 1 and2 respectively. In the ATR mode (Fig. 2) it is possible to identify and analyse the peaks that were saturated in FTIR transmission mode (Fig. 1). The band at 2365 cm -1 was assigned to a combination of bands from two modes associated with the CF 2 backbone [START_REF] Liu | Structural changes of polytetrafluoroethylene during irradiation in oxygen[END_REF].

Two bands at 1200 and 1146 cm -1 due to the CF 2 asymmetric stretching in the amorphous region dominate the infrared spectra obtained by attenuated total reflection (ATR) [START_REF] Saidi-Amroun | Analysis of the Gamma Irradiation Effect on PTFE Films by FTIR and DSC[END_REF]. Its amplitude shows that the amorphous region is dominant. In addition, the presence of absorption bands in the region [700-800 cm -1 ] is also attributed to the CF 2 groups in the amorphous phase [START_REF] Fisher | Effect of ionizing radiation on the chemical composition, crystallinity, and processibility of polytetrafluoroethylene[END_REF]. The bands at 507, 554, 625 and 638 cm -1 are associated to the CF 2 groups in the crystalline phase [START_REF] Legeay | AF fluoropolymer for optical use: Spectroscopic and surface energy studies; comparison with other fluoropolymers[END_REF]. According to this analysis, and confirmed by DSC analysis, the investigated PTFE has a semi-crystalline structure, where the amorphous phase is dominant.

Regarding the absorption bands located at 2927, 2853 and 2960 cm -1 , it has been attributed to the CH 2 -CH 3 elongation. Their presence would be due to impurities on the surface of the sample [START_REF] Mihály | FTIR and FT-Raman spectroscopic study on polymer based high pressure digestion vessels[END_REF].

The FTIR spectra in Fig. 1 show saturated bands (due to the thickness of PTFE sample) at 1200 cm -1 and from 400 to 700 cm -1 . These bands are clearly detected by ATR spectroscopy. The spectral bands assignment is reported in Table 1.

IR spectra in specific regions described above are plotted in Figs. 3 and4 for ATR and transmission modes, respectively.

In Fig. 3, the intensity and width of the 507 cm -1 band, which is attributed to the CF 2 mode in the crystalline phase, clearly increase as the absorbed dose is increased. The FTIR analysis illustrated in Fig. 4a indicates a decrease in the intensity of the bands associated with the CF 2 mode in the amorphous phase. Thus, the decrease in the height of the bands at 700-800 cm -1 (Fig. 4a) after gamma irradiation means also that the amorphous phase has decreased notably in the polymer. In the present case, the amorphous phase is therefore affected by the irradiation in favour of the crystalline phase. We can notice that the impact on the amorphous phase is quite important between 0 and 30 kGy, then the changes are milder (Fig. 4a). It can be concluded that the polymer with a high amorphous fraction undergoes a larger amount of molecular weight scission compared to the sample with a high crystalline content since the amorphous regions are considered to be the most oxygen-permeable. Consequently, a huge degree of molecular weight degradation occurs through enhanced chain-scission reactions in this zone.

According to IR data, gamma irradiation of PTFE in the presence of oxygen induces an increase in the degree of crystallinity, reflected by a decrease in the intensity of the amorphous phase absorption bands at 1200-1146 cm -1 (Fig. 3b), 700-800 cm -1 (Fig. 4a) and an increased absorption for the crystalline band at 507 cm -1 (Fig. 3a).

It should be noted that the wide band at 1792 cm -1 for non-irradiated PTFE (Fig. 4b) splits into two bands situated at 1792 cm -1 with a shoulder at 1810 cm -1 in the irradiated PTFE samples, which become very clear with the increase of irradiation dose. These two absorptions are attributed to the vibration of associated and isolated COOH groups [START_REF] Fischer | FTi.r Spectroscopy on electron irradiated polytetrafluoroethylene[END_REF][START_REF] Schierholz | Electron beam irradiation of polytetrafluoroethylene in air: investigations on the thermal behaviour[END_REF]. It confirms the occurrence of oxidation phenomena under irradiation since the band amplitude increases with the irradiation dose. At radiation doses above 30 kGy, we can observe an increase in the amplitude of the peak associated with C = O of the COF end groups in the range of 1884 cm -1 (Fig. 4b). It means that the scission of the chain is increased and therefore, a decrease in the average molecular weight of PTFE is expected.

Overall, it can be concluded that the high concentration of groups C = O (COOH free /association and COF) especially at higher doses reflects an increased degradation of PTFE and works to sweep free radicals produced by irradiation to produce stable end groups and lower molecular weight of the polymer [START_REF] Fisher | Effect of ionizing radiation on the chemical composition, crystallinity, and processibility of polytetrafluoroethylene[END_REF].

Besides the above-mentioned data, it can be stated that the polymer morphology has a major impact on the diffusion of molecular oxygen within the polymer during irradiation. Diffusion is largely limited to amorphous regions because oxygen is unlikely to accommodate into the closely packed crystalline region [START_REF] Zhong | Radiation stability of PTFE irradiated under various conditions[END_REF][START_REF] Pasternak | Diffusion and permeation of oxygen, nitrogen, carbon dioxide, and nitrogen dioxide through polytetrafluoroethylene[END_REF]. This will result in degradation confined to the amorphous regions, which results principally from the cage effect for recombination of radicals in the crystalline region.

Fisher and Corelli have reported on such effects in the presence of oxygen [START_REF] Fisher | Effect of ionizing radiation on the chemical composition, crystallinity, and processibility of polytetrafluoroethylene[END_REF]. In their research of the effect of ionizing radiation on PTFE, a resonant transformer cathode-ray accelerator was used as a radiation source.The cage effect, caused by the lack of oxygen in the crystalline zone, limits the mobility of the primary free radicals formed by chain scissions, which contributes to the restoration of the broken chains. According to the literature reviewed above, the originality of our work lies in the irradiation source, which was gamma irradiation, as well as the varying doses at which we achieved the same findings using a different irradiation source.

Thermal analysis

The DSC thermograms obtained during the second heating/cooling cycle of virgin PTFE are shown in Fig. 5. Three endothermic peaks are revealed as the temperature is increased. According to the previously reported behaviour of PTFE [START_REF] Henri | Thermal ageing of PTFE in the melted state: Influence of interdiffusion on the physicochemical structure[END_REF][START_REF] Villani | Calorimetric and diffractometric study of the lowest room-temperature transition of polytetrafluoroethylene[END_REF], the first peak located at around T 1 = 19 °C is attributed to the transition from the triclinic (Phase II) to the hexagonal (Phase IV) of PTFE. The second endothermic peak at T 2 = 27.3 °C corresponds to the transition from Phase IV to the pseudo hexagonal (Phase I) structure. These two peaks are observed during heating and cooling and correspond to reversible solid-solid crystalline phase transitions. The third endothermic peak at T m = 327.3 °C is attributed to the melting temperature [START_REF] Blumm | Characterization of PTFE using advanced thermal analysis techniques[END_REF]. During the cooling, an exothermic peak located at 312.4 °C is observed. It corresponds to the crystallization peak [START_REF] Fayolle | Radiation induced embrittlement of PTFE[END_REF]. It is followed by the solid-solid crystalline phase transitions described above. DSC measurements were performed on samples after different doses of gamma irradiation using the same protocol. Melting and crystallization peaks are shown and compared with data from a virgin sample. The final results are shown in Fig. 6.

After irradiation at 30 kGy, the amplitude of the melting peak is greatly increased and the melting temperature T m is also slightly increased. However, when the irradiation is continued from 60 to 200 kGy, the melting temperature tends to decrease.

During the cooling, the crystallization peak increases in amplitude after the irradiation under 30 kGy, but in this case, the crystallization temperature T c remained stable. The same response is detected with samples irradiated at 60 and 100 kGy. At 200 kGy, the peak amplitude rises again, and the T c decreases a little.

From the above results, it is shown that after exposure to irradiation, the heat of fusion rises quickly compared with the virgin sample. The heat of crystallization is also affected by the radiation dose. This often indicates that the polymer has undergone chain scissions under the effect of irradiation. Chain scissions decrease residual tension in the amorphous region [9, [START_REF] Fisher | Effect of ionizing radiation on the chemical composition, crystallinity, and processibility of polytetrafluoroethylene[END_REF][START_REF] Saidi-Amroun | Analysis of the Gamma Irradiation Effect on PTFE Films by FTIR and DSC[END_REF][START_REF] Zhong | Radiationinduced crystal defects in PTFE[END_REF], which, in turn, leads to some increase in molecular motion and facilitates crystallization [START_REF] Su | Study on polytetrafluoroethylene aqueous dispersion irradiated by gamma ray[END_REF][START_REF] Saidi-Amroun | Analysis of the Gamma Irradiation Effect on PTFE Films by FTIR and DSC[END_REF]. In the melting and crystallization curves shown in Fig. 6, it is found that the increase in the absorbed dose up to 200 kGy shifts the melting and crystallization temperatures to lower values. This shift towards lower temperatures can be explained by a decrease in the polymer molecular weight caused by the scission of the macromolecular chains and a decrease in the size of the formed crystals [START_REF] Lappan | Radiation-induced branching and crosslinking of poly(tetraf luoroethylene) (PTFE)[END_REF][START_REF] Oshima | Radiation induced crosslinking of polytetrafluoroethylene[END_REF][START_REF] Kakigi | Study on chemical structures of poly (tetrafluoroethylene-co-perfluoroalkylvinylether) by soft-EB irradiation in solid and molten state[END_REF].

The information from DSC measurement for virgin and irradiated PTFE samples is summarized in Table 2. Melting temperature T m , and crystallization temperature T C , were determined as the maxima of relevant peaks of DSC curves. The enthalpy of melting (ΔH m ) and crystallization (ΔH C ) were calculated by the integration of the appro- priate peak area in the DSC thermogram at melting and crystallization, respectively. The degree of crystallinity was calculated from the following relationship [START_REF] Henri | Thermal ageing of PTFE in the melted state: Influence of interdiffusion on the physicochemical structure[END_REF]:

where ΔH 100 m is the theoretical melt enthalpy of 100% crystalline PTFE which equals 82 J/g [START_REF] Henri | Thermal ageing of PTFE in the melted state: Influence of interdiffusion on the physicochemical structure[END_REF].

In the present study, the number-average molecular weight M n was determined from the enthalpy of crystalliza- tion according to Suwa's method [START_REF] Suwa | Melting and crystallization behavior of poly(tetrafluoroethylene). New method for molecular weight measurement of poly(tetrafluoroethylene) using a differential scanning calorimeter[END_REF], it was estimated based on the following empirical relationship: where M n is the number-average molecular weight in g/mol. ΔH C is the enthalpy of crystallization in J/g. Through the results shown in Table 2, it appears that the temperatures of melting and crystallization are merely not affected by the radiation dose, with just a slight decrease for the highest dose. This indicates the stability of the thermal properties of PTFE under the influence of gamma irradiation.

From Table 2, it can be seen that the crystallinity of PTFE greatly increases with the dose of gamma irradiation. From the above FTIR discussion, it may be concluded that the crystallinity degree of PTFE is affected by the presence of oxygen in the irradiation system and the percentage of the amorphous fraction, as might be expected with the dose of gamma irradiation.

Figure 7 represents the degree of crystallization and the average molecular weight as a function of the absorbed radiation dose. A significant increase in crystallinity was found to be associated with a significant decrease in average molecular weight. This indicates that the mechanism of chain scission reactions is the dominant mechanism in PTFE during irradiation.

Dielectric properties

Materials were analysed by dielectric impedance spectroscopy method. The real permittivity versus the temperature is plotted in Fig. 8 at specific frequencies in the range [1 Hz -1 MHz]. In all the cases the real relative permittivity ε r ′ decreases continuously with the temperature from -150 °C to 150 °C. In addition, it is observed that as the frequency (2) M n = 2.1 × 10 10 × (4.184 × ΔH -5.16 C ) increases, the relative permittivity decreases (from 2.39 to 2.37 -150 °C). However at high temperature the permittivity tends to 2.304 for all the frequencies. A step in the real permittivity appears close to the room temperature between 10 and 20 °C for all the frequencies.

Since PTFE is a non-polar polymer, the real permittivity decreases slightly as the temperature increases, as observed in Fig. 8. This is due to the fact that the polarization of PTFE is a purely electronic polarization [9,[START_REF] Aziz | Structure, dielectric properties and AC behavior of commercial polytetrafluroethylene (PTFE) polymer[END_REF]. According to the Clausius-Mossotti equation, the relative permittivity can be expressed as follows [9]: where N is the number of polarizable entities per unit volume, α e is the electronic polarizability, ρ is the mass density, ε o is the permittivity of free space, M is the molar weight.

The step of permittivity in the range [10-20 °C] can be associated to the solid-solid transition from the triclinic phase II under 19 °C to the hexagonal phase IV. This was already outlined in the DSC analysis section. However, the second transition to a pseudo-hexagonal crystal (phase I) localised at 27 °C does not provided any significant signature in the present spectra.

Figure 9 shows the relative permittivity (a) and dissipation factor, tan δ (b) versus frequency, at ambient temperature (20 °C), for the irradiated PTFE with different doses of gamma rays. It can be seen that the real permittivity of all samples (Fig. 9a) increases towards the lower frequencies.

In Fig. 9b it appears that the dissipation factor tan δ for irradiated PTFE versus frequency decreases rapidly with increasing frequency in the range 1 Hz-100 Hz. The decay rate becomes more important as the gamma irradiation dose is increased. At higher frequencies in the range 100 Hz -1 MHz, it is observed that whatever the dose of gamma irradiation of PTFE, tan δ remains constant.

The permittivity of virgin PTFE ranges between 2.37 and 2.33 from 1 Hz to 1 MHz at room temperature (see Fig. 8). It is important to notice that the dielectric permittivity of irradiated PTFE is modified as soon as the sample is irradiated. The PTFE irradiated with a dose of 200 kGy of gamma rays shows the highest dielectric permittivity value over the full frequency range, the real permittivity is estimated to have a value of 3.25 at 1 Hz. The main differences are always

(3) r = 3M 0 M o -N e
observed at low frequency. Clearly, the dielectric permittivity of PTFE samples increases with gamma irradiation at all frequencies.

As shown above, irradiation has strong effects on the dielectric properties, through a clear increase in the real permittivity and the appearance of low frequency features on both the real and imaginary part of the permittivity. These effects have to be put in relation to the structural analyses revealing that the gamma irradiation leads to the scission of the polymer chain in the amorphous regions and the formation of crystallized regions within it, which increases the heterogeneity of the structure. In addition, the formation of polar groups was revealed by FTIR.

In the context of irradiated PTFE, many mechanisms are possible drivers for the dielectric properties change: increase in conductivity due to radiation, ionic contributions to conduction and possible electrode polarization effects [START_REF] Ramesh | Dielectric behaviour of PVC-based polymer electrolytes[END_REF], orientation polarization effects and internal interface polarization due to material heterogeneity. Therefore, it is not straightforward to single out the effects.

There are existing reports showing a positive correlation between the permittivity of PTFE and the degree of crystallinity [9,[START_REF] Koizumi | Dielectric properties of polytetrafluoroethylene and tetrafluoroethylene-hexafluoropropylene copolymer[END_REF]. Crystallinity variations were obtained without changing the chemical structure, either by quenching or by annealing for different times. However, the reported changes in permittivity are mild, less than 2%, contrasting with present results. The introduction of polar groups in the material, either due to oxidation or to the imbalance of the fluorine atoms along the polymer chain, is possibly at the origin of the clear increase in real permittivity at intermediate to high frequency without appearance of losses.

High field electrical measurements realized on the same materials revealed a strong increase in the DC electrical conductivity even at low doses, and the formation of heterocharges that may be a fingerprint of ionic contributions [START_REF] Mezouar | Effect of Gamma-Irradiation on Creation and Dynamic of Space Charge in PTFE[END_REF]. Note that the increase of both the permittivity and the conductivity at low frequency cannot be explained by pure conduction effect only. It could be the reflect of charge accumulation at the electrodes. However, the time scale of the phenomena seems not compliant with space charge measurement results.

A positive correlation between the real permittivity of PTFE and the degree of crystallinity can be explained by impeded movement of charge carriers at the boundaries of the crystalline/amorphous interfaces, as was done for polyethylene glycol [START_REF] Alig | Ac conductivity and dielectric permittivity of poly(ethylene glycol) during crystallization: Percolation picture[END_REF]. This leads to the interfacial polarization of Maxwell-Wagner-Sillars (MWS) type. The interfacial polarization can be improved under the condition of increasing the crystalline phase amount, resulting in an increase in the real permittivity and of losses at low frequency. Not only the increase in crystallinity is produced by irradiation, but also a modification of the properties of the amorphous phase (chain scission). As a consequence, the contrast between the properties (permittivity, conductivity) of the two phases is increased and hence the MWS effect is strengthened.

Conclusion

In this study, correlation between the chemical, thermal, and dielectric properties of gamma-irradiated PTFE thin films was established. PTFE was irradiated with doses of 30, 60, 100, and 200 kGy in the presence of oxygen at room temperature. This work led to the following findings:

The results obtained from FTIR indicate that most of the polymer chain degradation occurs in the amorphous region. This is due to the oxygen permeability in the amorphous regions. Changes are revealed by the decrease in the intensity of amorphous phase-related absorption bands in the regions 1200-1146 cm -1 and 700-800 cm -1 and by the formation of COF and COOH groups (bands at 1800 cm -1 ) due to oxidation reactions. The FTIR analysis pointed out the increase in the crystalline phase amount. In addition, DSC provided quantitative data on the substantial increase of the crystallinity with irradiation, as well as the drop in the averaged molecular weight for irradiated PTFE samples.

The dielectric response of irradiated PTFE reveals an increase of the dissipation factor and of the real permittivity with increasing the dose of gamma irradiation, which is attributed to the enhancement of the crystalline phase. All these discussions about gamma irradiation of PTFE lead to the conclusion that the dielectric properties are closely correlated with structural properties.
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 78 Fig. 7 Degree of crystallinity (full triangle) and numberaveraged molecular weight (full circle) as a function of the absorbed dose calculated from DSC data on PTFE
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  Dependence of relative permittivity (a) and dissipation factor tan (b) on the frequency at 20 °C of PTFE irradiated with different doses

Table 1

 1 Spectral bands assignment for PTFE[START_REF] Henri | Thermal ageing of PTFE in the melted state: Influence of interdiffusion on the physicochemical structure[END_REF][START_REF] Liu | Structural changes of polytetrafluoroethylene during irradiation in oxygen[END_REF][START_REF] Fischer | FTi.r Spectroscopy on electron irradiated polytetrafluoroethylene[END_REF][START_REF] Fisher | Effect of ionizing radiation on the chemical composition, crystallinity, and processibility of polytetrafluoroethylene[END_REF][START_REF] Legeay | AF fluoropolymer for optical use: Spectroscopic and surface energy studies; comparison with other fluoropolymers[END_REF][START_REF] Mihály | FTIR and FT-Raman spectroscopic study on polymer based high pressure digestion vessels[END_REF][START_REF] Schierholz | Electron beam irradiation of polytetrafluoroethylene in air: investigations on the thermal behaviour[END_REF] 

	IR bands (cm -1 )	Assignment
	507	CF 2 wagging
	554	CF 2 bending
	625	CF 2 wagging
	638	CF 2 rocking
	700-800	Amorphous phase
	1200 -1146	CF 2 Symmetric stretching
	1546-1450	CF 2 Asymmetric stretch
	1792	C = O of COOH associated
	1810	C = O of COOH free
	1884	C = O of COF end group
	2365	A combination band of two
		modes associated with the CF 2 backbone
	2927-2853-2960	CH 2 and CH 3 stretching

Table 2

 2 

	Evolution in thermal properties of virgin and gamma-	Dose (kGy)	( o C)	Δ ( ∕ )	(%)	( o C)	Δ ( ∕ )	( ∕	)
	irradiated PTFE	0	327.32	32.73	39.91	312.44	30.35	7.61 × 10 5	
		30	328.68	68.81	83.91	312.98	68.08	1.17 × 10 4	
		60	328.49	70.84	86.39	313.37	68.70	1.12 × 10 4	
		100	328.23	75.05	91.52	312.95	73.73	7.80 × 10 3	
		200	327.36	81.12	98.92	310.60	80.68	4.90 × 10 3	
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