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A flash characterization method for thin cylindrical multilayered composites based on the simultaneous front and rear faces thermograms

The flash method, known as the most used experimental technique to measure the thermal diffusivity of solids, has been adapted to cylindrical highly diffusive and heterogeneous multilayered samples. In order to overcome the heterogeneities issue and give a more accurate estimation of the sample thermal properties, the front face and rear face thermal responses have been simultaneously recorded using an infrared camera. A homogeneous monolithic SiC cylinder has been tested to validate this experimental method, which has finally been applied to 2D bi-layered SiCf/SiC cylinders used for nuclear fuel cladding.

Introduction

The flash method was introduced by Parker et al. [START_REF] Parker | Flash Method of Determining Thermal Diffusivity, Heat Capacity, and Thermal Conductivity[END_REF] and has become the most used experimental technique to measure the thermal diffusivity of solids. This method allows following the thermal behaviour of a sample by a pulse heating of the front surface of an opaque sample and observing the temperature evolution of the rear or front surface. During the last decades, numerous estimation techniques based on the flash method have been proposed for the thermal characterization of flat samples [START_REF] Balageas | Thickness or diffusivity measurements from front-face flash experiments using the TSR (thermographic signal reconstruction) approach[END_REF]. Recent advances [START_REF] Salazar | Application of the thermal quadrupole method to the propagation of thermal waves in multilayered cylinders[END_REF][START_REF] Salazar | Thermal diffusivity of nonflat plates using flash method[END_REF][START_REF] Chen | Characterization of curved composite structure using laser infrared photothermal radiometry[END_REF] have led to the extension of the flash method to measure the thermal diffusivity of homogeneous cylindrical samples (lead foils). The validity of the analytical model [START_REF] Salazar | Application of the thermal quadrupole method to the propagation of thermal waves in multilayered cylinders[END_REF][START_REF] Salazar | Thermal diffusivity of nonflat plates using flash method[END_REF] based on the quadrupoles formalism [START_REF] Batsale | Thermal Quadrupoles: Solving the Heat Equation through Integral Transforms[END_REF] and developed for flat samples has also been proved except for extremely curved samples [START_REF] Salazar | Thermal diffusivity of nonflat plates using flash method[END_REF]. The different existing thermal characterization methods [START_REF] Salazar | Application of the thermal quadrupole method to the propagation of thermal waves in multilayered cylinders[END_REF][START_REF] Salazar | Thermal diffusivity of nonflat plates using flash method[END_REF][START_REF] Chen | Characterization of curved composite structure using laser infrared photothermal radiometry[END_REF][START_REF] Celorrio | Reconstruction of radial thermal conductivity depth profile in case hardened steel rods[END_REF][START_REF] Xie | Thermal conductivity depth-profile reconstruction of multilayered cylindrical solids using the thermal-wave Green function method[END_REF] use either front face or rear face signals obtained after a flash and lead to estimate the material thermal effusivity or diffusivity. In the case of highly diffusive and heterogeneous materials, the estimation accuracy is impaired, even more if they are cylindrical.

In this study, we extend the flash method, as adapted to the characterization of cylindrical homogeneous samples, to cylindrical, highly diffusive and heterogeneous multilayered samples. In order to overcome the heterogeneity issue and give a better estimation of thermal properties, a new experimental approach, combining front and rear faces signals, is introduced. It gives access to equivalent thermal diffusivities by a combined analysis of the front face and rear face thermal responses over a large characteristic frequency range. The objective consists here in illustrating this new experimental approach and to confirm the validity of the analytical model or of simplifications thereof. For this, flash measurements have been performed on homogeneous and on multilayered tubes made of ceramic matrix composite (SiCf/SiC) layers. The paper will first address the theoretical approach. An analytical solution for the flash method -under certain hypotheses discussed in this section -using the combination of front and rear faces method, is presented and discussed. Then, an experimental set-up implemented for this combination of flashes is validated on a homogeneous monolithic SiC cylinder. Finally, results on a 2D bi-layered SiCf/SiC cylinder are detailed and discussed.

Hypotheses and simplifications

The flash method applied on a cylindrical sample can be described using the thermal quadrupoles formalism [START_REF] Batsale | Thermal Quadrupoles: Solving the Heat Equation through Integral Transforms[END_REF]. This model allows the description of the entire physical process as it contains all the parameters that can interfere with the heat transfer (cylindrical geometry, heat losses, flash form and duration). The analytical solution in Laplace space is given by [START_REF] Salazar | Thermal diffusivity of nonflat plates using flash method[END_REF]:
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where q is the Laplace transform of the excess temperature T with respect to the ambient, j is the Laplace transform of the heat flux F; A, B, C and D are described with combinations of the first and second order Bessel functions K0,1 and I0,1:
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where xint;ext = (p/a) 1/2 Rint;ext are scaled Laplace space parameters. The specification of the solution is completed by the expressions for the fluxes jint and jext :

(3) Ideally, a perfect flash would have no physical duration and P(t) would be given by a Dirac distribution d(t) In reality, the flash length of our lamps has been measured to last between 3 and 5 ms. Taking this time t into account, a convenient time profile for the flash pulse is given in Laplace space by [START_REF] Salazar | Thermal diffusivity of nonflat plates using flash method[END_REF]: [START_REF] Salazar | Thermal diffusivity of nonflat plates using flash method[END_REF] where a = ½ [START_REF] Salazar | Thermal diffusivity of nonflat plates using flash method[END_REF]. Using this model and Stehfest's numerical procedure for the inverse Laplace transform [START_REF] Stehfest | Numerical inversion of Laplace transforms[END_REF] in the case of cylindrical homogeneous sample of SiC, we have determined the reduced sensitivities of the signal to heat losses, flash form and diffusivity of the material. For these three parameters noted X, the sensitivities are:

Computations have been made for the front face signal with the following parameters: Q = … W.m -2 ; hint = hext = … W.m -2 .K -1 ; Sint = … m 2 ; Sext = … m 2 ; L = … m; a = … m 2 .s -1 ; l = … W.m -1 .K -1 . They are displayed on Fig. 1, from which it is clear that the flash shape and the heat losses do not interfere with the estimation of thermal diffusivity. Therefore they will not be considered any more in our estimation model. Moreover, it has been shown [START_REF] Salazar | Thermal diffusivity of nonflat plates using flash method[END_REF][START_REF] Chen | Characterization of curved composite structure using laser infrared photothermal radiometry[END_REF] that when the inner radius is at least twice as large as the thickness of the studied sample, which is our case,
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∂X heat transfer from part to part after a flash experiment can safely be described with plane equations (i.e. there is less than 1% difference).

Fig. 1.

Reduced sensitivity with respect to the thermal diffusivity (blue curve), to the flash shape (green curve) and to the heat losses (red curve) over time.

The analytical solution, using these simplifications, can be obtained without the quadrupole formalism, in direct time space, as a series sum. The front face and rear face signals are:

(

These equations will be exploited jointly in the next section.

Using combined front and rear face signals.

To improve the accuracy of the determination of the diffusivity -which is high in the present case -using a combination of the front and rear face signals is an interesting solution. A theoretical "two-temperatures" approach has already been described in [START_REF] Amazouz | Measurement of the thermal diffusivity of anisotropic materials[END_REF], using the ratio of both signals. Here, from the structure of eqs. ( 5) and ( 6), it looks more natural to use their sum and difference, which are given by: (7) [START_REF] Xie | Thermal conductivity depth-profile reconstruction of multilayered cylindrical solids using the thermal-wave Green function method[END_REF] These analytical results are plotted in Fig. 2. Their asymptotic development for long time behaviour (t > e²/a) leads to the following equations: (9) [START_REF] Amazouz | Measurement of the thermal diffusivity of anisotropic materials[END_REF] The long time behaviour of the front and rear faces signals sum (Eq. 9) represents the front face response after a flash applied to an e/2-thick sample, with an adiabatic rear face. The long time behaviour of the difference (Eq.
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) represents a front face response after a flash applied to an e/2-thick sample, with an isothermal rear face at imposed ambient temperature.

Fig. 2. Analytical thermal responses over time for front (blue curve) and rear (green curve) face; sum (red curve) and difference (cyan curve) of these responses (with T0 = T(0,t) and T1 = T(e,t))

A sensitivity study of the combination of the signals with respect to the parameter ɑ only has been performed. As shown in Fig. 3., when working on the same time range, the sensitivity of the combination is better than the sensitivity using the front and rear face signals taken separately, as we have twice as much information. This validates our choice of processing both signals together.

Fig. 3. Reduced sensitivity with respect to the thermal diffusivity of the front (green) and rear (blue) faces and of the combination of the signals (red).

Here, the reduced sensitivity to the parameter "diffusivity" is exactly twice as large as the sensitivity from front and rear faces' taken separately. In order to show the impact of experimental error, a noise sensitivity study has been conducted. Several realizations of the front and rear faces' signals are numerically constructed using equations ( 7) and ( 8) with an extra random noise of 2% amplitude. Identification of the diffusivity is performed by least squares minimization of the error between the modelled and input signals. Using 15 signals, it has been determined that the standard error of identification is less than 0.5%. When using 1000 signals, the error decreases to under 0.05%. So, when more thermograms are used, the error on the estimation diminishes approximately as the inverse square root of the number of experiments, as expected; however, all estimations are still scattered. We have also followed the dispersion of the identified values, defined as the root mean square of the deviations with respect to the reference value over N thermograms. Several versions of the model have been considered: the simplified axi-symmetric model, using either the front face signal, the rear face signal, the union of the front and rear face signals (i.e. eqs. ( 5) and ( 6) simultaneously fitted in a single procedure), their difference and their sum. The RMS deviation of the Therefore, the method using the difference of the signals is shown to be as accurate as the method using their union, and it will be preferred for practical reasons that will be exposed later.

Experimental

A new experimental device has been developed in order to collect the exterior and interior face signals of a cylinder flashed from the exterior, as sketched in Fig. 5.

Fig. 5. Sketch of the experimental device for the combination of front (exterior) and rear (interior) faces signals

The temperature monitoring is provided by an InSb infrared camera (FLIR SC7000, detection window: 2.5 -5.5 μm). The precision of the IR camera is about 2%. Four external flash lamps (Elinchrom: 300J zoom action lamps -Digital 600RX power generators) are settled around the cylinder to ensure a quasi-uniform heating. The front (exterior) face response is directly available by camera recording. On the other hand, since the rear face is in the interior, a mirror has to be settled inside the tube, with an angle of 45° with respect to the tube axis. This allows recording the signals by aligning the camera along the tube axis. A gold mirror has been selected because it ensures a better reflection coefficient (it reflects over 98% in the infrared spectrum whereas a silver mirror only reflects 90%). The direct influence of the heat pulse on the sensor is minimized by adding infrared filters (bandwidth: 315 to 710 µm). The temporal response of the flash is accurately measured using a photodiode (Thorlabs: PDA36A-EC) that allows catching the initial pulse heating instant. Moreover, the experimental device has been set up in a way to make a fast and user-friendly rotation between front (equatorial) and rear (apical) face positions, as shown in Figs. 5. and 6.

Fig. 6. Picture of the experimental setup for (a) exterior face and (b) interior face monitoring

The front and rear faces thermal responses have been recorded sequentially using the infrared camera, at 2500 frames per second on a 64x8 pixels area. Only the average of temperature on pixels at the center of this area has been recorded for the front and rear faces, in order to avoid artefacts due to the curvature of the sample.

Application to SiC-based tubes

This study focuses on developing measurement methods for thermophysical properties of multilayered tubes, made of composites (SiCf/SiC), used for nuclear fuel cladding. For leak-tightness, mechanical and dimensional reasons, these tubes are highly heterogeneous. Global transverse and local variations of thermal properties of such a structure have to be identified, since they are essential to their final use -heat transfer in future nuclear power plants of next generation. A validation of the experimental set-up for the combination of front and rear faces signals on a homogeneous "test" material is performed. Then, results on 2D bi-layered heterogeneous SiCf/SiC tubes are presented and discussed.

Samples

The samples used for the validation of the method are tubular and made of a homogeneous monolithic SiC material (Boostec® from Mersen) 2.1 mm in thickness and 5.4 mm internal radius. The manufacturer data for heat diffusivity is 7.10 -5 m 2 .s -1 . The samples for which the proposed method has been designed are cylinders made of a 2D bi-layered structure composed of ceramic matrix composite (SiCf/SiC) layers. They are prepared by braiding and filament winding techniques followed by matrix vapor-phase infiltration; their inner radius Rint is 3 mm and they have ~ 1mm thickness. All samples verify e/Rint < 0.5, ensuring that the difference between cylindrical and plane analytical thermal responses remains negligible.

Validation on tubular homogeneous monolithic SiC material

The sum and the difference of experimental front and rear face signals for a homogeneous monolithic SiC pipe are summarized in the following figure (Fig. 7):

Fig. 7. Front (blue) and rear (green curve) faces signals; sum (cyan curve) and difference (red curve) of these signals over time

Regarding Eq. 10, we assume that when the material semi-infinite behaviour is over, the signal follows a pure exponential decay curve. Therefore, its logarithm is linear with time:

(11) Thus, outside the semi-infinite environment, the logarithm of the signal can be easily minimized by a linear function with slope . This linear regression leads directly to an estimation of the thermal diffusivity ɑ, as depicted in Fig. 8. Fig. 8. Left: Fit of eq. ( 11) to the front and rear faces difference's logarithm over time, as given by eq. ( 8), for an ideal material. Right: Experimental thermogram for a tubular homogeneous monolithic SiC sample By repeating 15 times the experiment, we have collected data for a study of the accuracy and dispersion of the method associated to different identification procedures. Fig. 9 summarizes the results obtained, under the form of lim t→∞ ln T 0, t ( ) -T e, t ( )
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averages plus or minus one standard deviation, as compared to the furnisher's data. We can see again that the difference of signals (eq. ( 8)) has a very good performance, while the sum has not. Moreover, using eq. ( 11) even leads to surprisingly good results. All methods except the signals sum have dispersions of less than 1.5% of the average value. As shown in fig. 4, using a 2% camera noise added to a theoretical signal, the obtained dispersion in the same conditions is 0.4%. We conclude that the source of experimental uncertainty is not only linked to the identification method combined to the camera noise: approximately 2/3 of the dispersion width remains unexplained.

Fig.9. Average and standard deviation of the estimation with the different models, compared to the supplier's data

One of the additional sources of uncertainty that has not been addressed until this point is that the illumination may differ from a purely axi-symmetrical pattern. To quantify this error source, a rear face estimation of the thermal diffusivity has been done all around the tubular monolithic SiC sample every 10° by rotating the inner mirror. Fig. 10 shows the experimental results. The average error on estimation is about 1.3%; accordingly, the heat transfer may be considered unidirectional as soon as a better precision than 1.3% is not looked for. Another source of dispersion is the non-reproducibility of the flash energy density from one experiment to another -this may give a possible bias to every determination involving the sum and the difference of the signals, hence increasing the dispersion. Fig. 9 tends to show that the dispersions for the "sum" and the "difference" methods are not appreciably increased with respect to the pure "front face" and "rear face" methods, showing that this source of dispersion has a low impact on the methods precision.

Experimental results for 2D bi-layered heterogeneous SiCf/SiC

Once the experimental approach has been validated, the next step consisted in applying it to a cylindrical bilayered heterogeneous sample of interest. The problem is that the sample is not homogeneous through the thickness: the models presented above should therefore fail to describe in detail the material response. However, using them on the thermograms should lead to the identification of some "apparent averages" of the thermal diffusivities of the separate layers. Naturally, it is expected that the front face signal will give an identified coefficient closer to the front face diffusivity, whereas the back face signal will give an identified coefficient closer to the back face diffusivity. On the other hand, the combinations of the signal (sum and difference) are expected to lead to identifying some intermediate value between the front and rear face diffusivities.

Fig. 11. Thermal response over time after a flash for front (blue curve) and rear (green curve) faces

The experimental set-up is used in order to obtain front and rear faces thermal responses (Fig. 11). Equation [START_REF] Celorrio | Reconstruction of radial thermal conductivity depth profile in case hardened steel rods[END_REF] has been used to fit the experimental sum of the thermal signals, whereas equation [START_REF] Yamada | Highly thermal conductive, sintered SiC fiber-reinforced 3D-SiC/SiC composites: experiments and finite-element analysis of the thermal diffusivity/conductivity[END_REF] has been used to fit the experimental difference signals during intermediate times (Fig. 12.).

Based on 15 experiments, the thermal diffusivity is estimated at (11.4±0.5).10 -6 m²/s from the front face response and at (9.4±0.19).10 -6 m²/s from the rear face response, at (9.7±0.6).10 -6 m²/s from the signals sum and at (10.3±0.15).10 -6 m²/s from the signals difference. As expected, the sum and the difference thermal diffusivities estimations of the signals appear as averages of the front and rear faces estimations, the difference being closer to the front face and the sum closer to the back face. In any case, all results are lying close to literature values for this kind of material [START_REF] Yamada | Highly thermal conductive, sintered SiC fiber-reinforced 3D-SiC/SiC composites: experiments and finite-element analysis of the thermal diffusivity/conductivity[END_REF].

Conclusion and further work

A method for the estimation of the apparent radial thermal diffusivity for multi-layered tubular samples based on the combination of front and rear faces flash signals has been proposed. An experimental set-up has been developed and validated using a homogeneous monolithic tubular SiC test sample. Simplified models have been produced for an easy identification without major loss of accuracy (less than 2%). The best identification procedure makes use of an asymptotic development of the difference of front and rear face temperatures, under hypotheses of quasi-1D heat transfer without heat losses and with an ideal heat pulse shape. All simplifying hypotheses have been checked and validated. Finally, this new approach has been applied to a real bi-layered SiCf/SiC tubular sample. The identified diffusivity is not unique: four estimates are given from respectively the front face signal, the rear face signal, and their sum and difference. The four diffusivities, as they are given here, are what we would get if we were trying to apply this method, but they have no true physical meaning because the material is inhomogeneous. Nonetheless, the obtained values are close to previously reported data on the same class of materials. The developed experimental set-up seems to be a suitable solution for the study of heterogeneous tubular materials, as soon as the theoretical model is extended to a multi-layer model -currently available for lock-in experiments [START_REF] Celorrio | Reconstruction of radial thermal conductivity depth profile in case hardened steel rods[END_REF][START_REF] Xie | Thermal conductivity depth-profile reconstruction of multilayered cylindrical solids using the thermal-wave Green function method[END_REF] -or even to a more complex image-based model: this is the aim of current work in progress. (green) and a fit of eq. ( 7) (blue). Right: logarithm of the difference (blue) and a fit of eq. ( 11) (red).

  results on front and rear face signals, separately or jointly, and their sum and difference obtained with an increasing number of experiments is presented on Fig 4.In all cases, we verify that there is no measurable reduction of the bias by increasing the number of experiments; on the other hand, the type of method has an influence. The standard deviation (around the possibly biased average) obtained with the union of the front and rear faces' signals is smaller than the half of the standard deviation of the results obtained with the front face and the rear faces. The difference of the signals, as shown on Fig.4, has comparable performances, while the sum is much less effective.

Fig. 4 .

 4 Fig. 4. RMS deviation of the results of thermal diffusivity estimation for front and rear face, for the sum and the difference and for the union of both signals. With increasing number of experiments, a convergence towards a steady bias is observed for all methods.

Fig. 10 .

 10 Fig. 10. : Estimation of the thermal diffusivity all around the tubular SiC sample (red crosses) as compared to supplier's data (70. 10 -6 m²/s, green circle)

Fig. 12 .

 12 Fig. 12. Thermograms of the SiCf/SiC composite tube. Left: Front (red) and rear face (cyan) signals; their sum(green) and a fit of eq. (7) (blue). Right: logarithm of the difference (blue) and a fit of eq. (11) (red).
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