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The effect of repeated high-pressure hydrogen cycles on the decompression failure of unfilled EPDM was investigated from in-situ images of the damage field during decompression. The purpose was to characterize the relative influence of some parameters of the pressure cycle (decompression rate, residual pressure and time between two cycles) and to investigate damage cumulative features. Beyond that, the aim of this wide range of decompression conditions was to vary separately the external pressure and gas diffusion histories, in order to discuss them as driving force contributions to damage growth. Such extended decompression conditions confirmed coupled contributions of diffusion and mechanics. Exposure conditions allowing a significant part of gas diffusion promoted clustering and later macro-cracking, provided that the residual external pressure was low enough. A more heterogeneous spatial distribution of damage was also observed, within clusters and at the sample scale, with non-trivial re-opening of cavities from one cycle to another. More restrictive exposure conditions (i.e. limited diffusion times or residual external pressure) reduced or prevented the onset of cavities, clustering and transition to macro-cracking. More homogeneous damage fields were observed, along with more systematic re-appearing and growth of the same defects with cycling. Damage processes appeared more spatially confined.

INTRODUCTION

Many high-pressure hydrogen gas flowing system (such as pipeline or hydrogen tank) involved in Fuel Cell Vehicles (FCVs) or Hydrogen Refueling Stations (HRSs) undergo pressure changes of the hydrogen gas. Regarding the rubber materials used as O-ring for high-pressure hydrogen seal in these systems, hydrogen gas penetrates into the molecular network at high-pressure. During removal of the hydrogen gas, the decompression can be faster than hydrogen gas desorption and generate bubbles, isolated or clustered, and sometimes macro-cracks. This phenomenon was often called Explosive Decompression Failure (XDF) although it can be observed sometimes under soft decompression conditions. XDF has been investigated first in several gases [START_REF] Gent | Nucleation and growth of gas bubbles in elastomers[END_REF][START_REF] Campion | Explosive decompression in elastomers -Internal blistering and fracturing in rubbers after high-pressure exposure to gases[END_REF][START_REF] Briscoe | Explosive decompression failure of rubbers: a review of the origins of pneumatic stress induced rupture in elastomers[END_REF][START_REF] Schrittesser | Rapid Gas Decompression Performance of elastomers -A study of influencing testing parameters[END_REF][START_REF] Najipoor | Assessment of failures of nitrile rubber vulcanizates in rapid gas decompression (RGD) testing: effect of physico-mechanical properties[END_REF]) and more recently in hydrogen [START_REF] Yamabe | Influence of fillers on hydrogen penetration properties and blister fracture of rubber composites for O-ring exposed to high-pressure hydrogen gas[END_REF][START_REF] Koga | Evaluation on high-pressure hydrogen decompression failure of rubber O-ring using design of experiments[END_REF][START_REF] Jaravel | On key parameters influencing cavitation damage upon fast decompression in a hydrogen saturated elastomer[END_REF][START_REF] Kane-Diallo | Time-resolved statistics of cavity fields nucleated in a gas-exposed rubber under variable decompression conditions-Support to a relevant modeling framework[END_REF][START_REF] Fazal | Local kinetics of cavitation in hydrogen-exposed EPDM using in-situ X-Ray tomography: focus on free surface effect and cavity interaction[END_REF][START_REF] Jeon | Relationships between properties and rapid gas decompression (RGD) resistance of various filled nitrile butadiene rubber vulcanizates under high-pressure hydrogen[END_REF]. Depending on the saturation pressure and pressure release rate, several types of damage were observed during the decompression transient: single isolated cavities, clusters and even macro-cracks.

It is a key issue to understand how far these damage processes result from the swelling of the molecular network and from fracture properties of the rubber. Indeed, some post-mortem observations by optical microscopy [START_REF] Yamabe | Failure behavior of rubber O-ring under cyclic exposure to high-pressure hydrogen gas[END_REF], atomic force microscopy [START_REF] Yamabe | Nanoscale fracture analysis by atomic force microscopy of EPDM rubber due to high-pressure hydrogen decompression[END_REF]) micro-CT [START_REF] Kulkarni | Damage evolution in polymer due to exposure to high-pressure hydrogen gas[END_REF]) and more recently by confocal microscopy in soft rubbers tagged by mechanophores [START_REF] Morelle | 3D fluorescent mapping of invisible molecular damage after cavitation in hydrogen exposed elastomers[END_REF]) evidenced that a micro-cracking process was activated beyond the cavitation stage. Another frequently observed mechanism during XDF is the delayed nucleation of small cavities (called satellite cavities in the work by [START_REF] Gent | Nucleation and growth of gas bubbles in elastomers[END_REF] who were the first to point out such phenomenon), located around some previously nucleated and larger ones (called primary cavities by the same authors). They claimed that nucleation of satellite bubbles could be due to the stress concentration enhanced by the growth of primary cavities, but this scenario has never been elucidated and proved so far. As pointed out right after, some complex coupling effects between mechanical loading and local gas content could be invoked too.

Indeed, another key issue is to handle the driving force responsible for cavity growth, i.e. the difference of pressure P between the internal pressure inside a pre-existing cavity Pi and the external hydrostatic pressure Pe and. P equals zero at equilibrium and later increases when Pe is released. In the very drastic decompression conditions of Gent and Tompkins' pioneer work, cavities were detected once the external pressure was brought back to the ambient. Authors assumed that bubbles inflated from preexisting holes and that their growth was governed by rubber material elasticity, the remaining hydrogen gas content in the hole producing the internal pressure. They consistently derived a cavitation criterion based on the external hydrostatic pressure and elastic properties. Such a framework has been intensively questioned in modelling of cavitation originating from pure mechanical loading (e.g. by [START_REF] Lefevre | Cavitation in rubber: an elastic instability or a fracture phenomenon?[END_REF][START_REF] Kumar | The poker-chip experiments of Gent and Lindley (1959) explained[END_REF] to cite recent references). It was infirmed too from experimental studies of hydrogen XDF [START_REF] Jaravel | On key parameters influencing cavitation damage upon fast decompression in a hydrogen saturated elastomer[END_REF][START_REF] Morelle | 3D fluorescent mapping of invisible molecular damage after cavitation in hydrogen exposed elastomers[END_REF]. In Gent and Tompkins' work, as well as in almost all the quantitative analyses reported in the literature later, it was implicitly assumed that the current value of V resulted from the mechanical equilibrium between Pe and Pi, through the mechanical behavior of the rubber, the initial amount of hydrogen inside the cavity being unchanged all along the process. This framework makes easier the interpretation of damage evolution in different decompression conditions. But this is no more than an assumption. Figure 1 tries to explain why the current value of Pi is unknown actually. For clarity purpose, the example of a perfect gas law is taken here for the hydrogen gas inside the cavity but explanations would hold for more sophisticated and realistic state laws as soon as P and V are involved). As illustrated in Figure 1, Pi depends on the volume of the cavity V AND on the amount of gas molecules n inside the cavity. In the case of so small molecules as di-hydrogen and of low-density molecular networks, it is very reductive and somehow biased to assume that there is no gas flux at the cavity wall, especially when the inflation -deflation process lasts several minutes.

A reason for which such diffuso-mechanical couplings have been barely considered into analyzes is the high difficulty to access them. At the macroscopic scale of samples, edge effects could be regarded as a footprint of couplings between hydrogen diffusion and mechanical loading. Cavities close to the free surface of samples were shown to be nucleated earlier, to grow faster but collapse earlier, due to the faster gas elimination and local gas content drop in this area [START_REF] Fazal | Local kinetics of cavitation in hydrogen-exposed EPDM using in-situ X-Ray tomography: focus on free surface effect and cavity interaction[END_REF]). However, it is still very difficult to experimentally access this process and therefore to clarify the diffuso-mechanical coupling level at the cavity scale. The gas flux cannot be measured so that the current value for n cannot be updated. An alternate and indirect option, which is precisely the purpose of this work, was to discuss mechanisms and couplings by varying the mechanical and diffusion histories through different the pressure gas profiles.

Full couplings at the cavity scale are also a huge challenge for modelling due to the need to solve both the diffusion problem and the mechanical equilibrium at each time step. Even the most recent models for cavity growth under hyperbaric hydrogen decompression neglected the gas exchanges at the cavity wall. Developing such a model for quantitative analysis of the damage cumulation phenomena observed here was beyond the scope of this article.

Figure 1: Illustration of the full-couplings between mechanical equilibrium and gas diffusion activated at the cavity scale during decompression through the internal pressure parameter When used in the sealing systems involved in hydrogen storage applications, rubber components undergo repeated decompressions which can be very detrimental to the material. Koga et al. first reported that cyclic hydrogen gas pressure loading generated not only bubbles but also "large cracks" [START_REF] Koga | Evaluation on high-pressure hydrogen decompression failure of rubber O-ring using design of experiments[END_REF]. However, they could not clarify the scenario for the large crack initiation, because the experiment was carried out into a blinded pressure-proof chamber. Ono et al.'s work made it possible to highlight some processes [START_REF] Ono | Influence of pressure cycling on damage evolution in an unfilled EPDM exposed to high-pressure hydrogen[END_REF]. Using in-situ photography in transparent unfilled EPDM, two types of hydrogen gas pressure cycling tests were carried out, with two different maximum pressure for hydrogen saturation (9 MPa and 15 MPa). As a consequence, the damage firstly generated as bubbles which size increased with the cycle progress, while their number contrastingly decreased. It was revealed that cracks originated from a bubble which had grown to over 0.7 mm of diameter. However, decompression rate for instance was shown to influence damage amount and pattern [START_REF] Jaravel | On key parameters influencing cavitation damage upon fast decompression in a hydrogen saturated elastomer[END_REF][START_REF] Kane-Diallo | Time-resolved statistics of cavity fields nucleated in a gas-exposed rubber under variable decompression conditions-Support to a relevant modeling framework[END_REF]). In the liner collapse problem of hyperbaric pressure vessels, a residual pressure was also shown to prevent liner collapse [START_REF] Pepin | Determination of key parameters responsible for polymeric liner collapse in hyperbaric type IV hydrogen storage vessels[END_REF]. These two parameters are then expected to influence damage cumulation during pressure cycling. Moreover, pressure cycling conditions in FCVs and HRSs such as decompression rate and the pressure depend on the place which the rubber O-rings is used. Thus, wider investigation of the effect of cycling condition on internal damage evolution is also important for applicative reasons.

In this study, the first aim was then to characterize the effect of the hydrogen pressure cycling conditions on the scenario of internal damage evolution of EPDM. It was a continuation work of [START_REF] Ono | Influence of pressure cycling on damage evolution in an unfilled EPDM exposed to high-pressure hydrogen[END_REF], conducted in the same transparent unfilled EPDM but under a larger spectrum of decompression conditions. Three series of tests have been carried out, each of them focusing on a different pressure cycle parameter: (i) the pressure release rate, (ii) the time spent at atmospheric pressure between two cycles and (iii) the residual pressure at the end of decompression. Taking the pressure profile of [START_REF] Ono | Influence of pressure cycling on damage evolution in an unfilled EPDM exposed to high-pressure hydrogen[END_REF] as a reference, two other values of the parameter under concern have been performed in each series.

Again here, samples were optically observed during successive decompressions and images were processed in order to analyze damage kinetics and morphology. The different pressure profiles variably affected the mechanical loading and the gas diffusion history. By comparing this wide spectrum of conditions, the second aim of the work was to discuss the relative effect of mechanical pressure and hydrogen flux, as combined driving forces of damage growth and cumulation.

EXPERIMENTAL Samples and Pressure cycling tests

The tested material was an unfilled transparent Ethylene-Propylene-Di-Monomer (EPDM) (ESPREN505 by Sumitomo Chemical Co. Ltd.) containing 0.5 phr of stearic acid and 1.6 phr of dicumyl peroxide as a crosslinker agent. Samples were taken from 150 mm × 150 mm × 2 mm-thick compression molded sheets vulcanized at 170 °C for 7 minute. They were exposed to hyperbaric gaseous hydrogen in a remotely controlled pressure chamber, with two 28mm diameter × 70mm thick sapphire windows on the back of the chamber and in the front door. A CCD camera (Sony XCD SX 90) fitted with an Avenir TV Zoom Lens (12.5-75 mm F18) was used to take optical images of the sample during decompression, taking benefit from visible light transmission. The resolution was 23µm / pixel. More details can be found in [START_REF] Ono | Influence of pressure cycling on damage evolution in an unfilled EPDM exposed to high-pressure hydrogen[END_REF]. Figure 2-a shows a typical pressure profile and defines the abbreviations used in the following for the cycling tests. These tests were composed of four stages: (i) hydrogen gas compression stage at 1 MPa / min until 15 MPa, (ii) hydrogen saturation into the rubber matrix for 3600 sec, (iii) decompression at constant decompression rate (Sdec) until a minimal pressure (Plow), and (iv) stand-by step at Plow for a defined duration (tdly) before the next compression. For each test, the so-defined pressure cycle was repeated six times. Unless otherwise noted, the time axis corresponded hereafter to the elapsed time from the beginning of the decompression for each cycle (tdec). One reference test (test R) was conducted with Sdec = 2.5 MPa / min, tdly = 60 min and Plow = 0.1 MPa corresponding to the atmospheric pressure. Then, three series of tests were performed to address separately the effect (i) of the pressure release rate Sdec (Figure 2-b), (ii) of the elapsed time between the end of decompression and next pressurization tdly (Figure 2-c) and (iii) of the minimum pressure Plow (Figure 2-d). For each series, two more values of the concerned parameter were tested in addition to that of the reference test R: Sdec = 1.0 MPa / min and 0.5 MPa / min (hereafter noted S1.0 and S0.5), tdly = 30 min and 1 min (hereafter noted t30 and t1) and Plow = 2.5 MPa and 5.0 MPa (hereafter noted P2.5 and P5.0). The same reference test (named R up to now) was successively named R, S2.5, t60 or P0.1 depending on the series under concern. 

Damage pattern and image analysis

The damage field evolution was tracked by taking 8-bit grey scale pictures all along the test, taking benefit of visible light transmission through transparent samples. Damage patterns could be classified into three main patterns. They were artificially isolated and put together in Figure 3 for illustration purpose. The first one (Figure 3-a) corresponded to more or less spherical and isolated "bubble". The second one (Figure 3-b) was a "cluster", i.e. a collection of very close but non-coalesced bubbles which still exist individually. Such clusters often originated from one primary cavity, nucleated first, surrounded by secondary cavities nucleated later. The last pattern was a "macro-crack", as shown in Figure 3-c. Such "macro-cracks" evolved from a bubble and their diameter usually exceeded the sample thickness. Despite the lack of data in the out-of-plane direction, it suggested that damage could be isotropic at early stages but more developed in the sample plane later on. Hereinafter, the use of terms "bubble", "cluster", and "macro-crack" was based on the above definitions. Similar content has been published in: Ono H., Nait-Ali A., Castagnet S., Damage evolution in unfilled EPDM during various types of repeated hydrogen high-pressure cycles, International Journal of Fracture, 242, 153-167, 2023, https://doi.org/10.1007/s10704-023-00707-w 6 Image processing was performed using the ImageJ® software Fiji plug-in, following a filtering and binarization process detailed in [START_REF] Ono | Influence of pressure cycling on damage evolution in an unfilled EPDM exposed to high-pressure hydrogen[END_REF]. It is illustrated in Figure 4 from the raw image of two clusters (Figure 4-a). In the binarized images (Figure 4-b), the rubber matrix and damaged areas appeared in white (0 value) and black (1 value) respectively. The grey value threshold for binarization was the same for all images of a test, i.e. for all pressure cycles. The projected damage area ratio (fD), defined as the number of black pixels divided by the total number of pixels of the image, could be computed from binarized images. This parameter allowed to pick up the maximum damage state at which tests will be compared in the following. Several analysis were performed from binarized images. The first one aimed at estimating the size of cavities at any time. It was punctually taken into consideration, for some more precise quantification of rather isolated and almost circular cavities. The equivalent diameter Deq was thus computed following Equation (1) where A referred to the area of the binarized cavity.

𝐷 = 2

(1)

Since only 2D-projections of cavities were accessed in the present work, the equivalent diameter Deq could be a more or less biased estimation of the real cavity size, depending on its location through the thickness.

Applying geometrical considerations to the present optical configuration, the bias was estimated to 5µm between the foreground and background for a 250µm diameter cavity, i.e. 2%. It was judged negligible as compared to the spatial resolution of optical images.

To describe the time evolution of the damage field, damage generation time maps were built-up for each cycle by concatenating images acquired between time 0 (i.e. the beginning of pressure release) and the time tmaxf for maximum damage fD (tmaxf being chosen because damage never disappears from 0 to tmaxf).

For each image in-between, every pixel value was multiplied by the time elapsed between the image under consideration and the previous one, so that the updated value was 0 or . By summing up these images, each pixel value corresponded to the total elapsed time from the black pixel generation to tmaxf. As an example, Figure 4-c shows such a map for the reference test R at cycle 1: pixels detected early during the decompression cycle appear in blue whereas those lately detected were plotted in red. Such a map illustrates the clustering phenomenon sometimes observed and defined in other gas/ other rubber system [START_REF] Gent | Nucleation and growth of gas bubbles in elastomers[END_REF] and H2 / silicon rubber system [START_REF] Jaravel | On key parameters influencing cavitation damage upon fast decompression in a hydrogen saturated elastomer[END_REF]): a central primary cavity (which center appeared in blue) generated at the early time becomes surrounded by delayed secondary cavities (appearing in green with a red boundary figuring the last expansion stage), sometimes called "satellites" [START_REF] Gent | Nucleation and growth of gas bubbles in elastomers[END_REF] and so-called hereinafter. 

RESULTS

Analysis of the reference test

Let us consider first the reference test, made of pressure cycles decompressed at Sdec = 2.5 MPa/min, tdly = 60min and Plow = 0.1 MPa. Figure 5 displays views of the damage field at the end of each pressure cycle, i.e. one minute only before the next pressure ramp. The main trend of pressure cycling was to less but larger cavities on average. More precisely, the damage pattern evolved towards more clustering, with an increasing size of primary cavities cycle after cycle. A soon as cycle 2, the spatial distribution was less homogeneous. Macro-cracks appeared from cycle 4, with no clear propagation from one cycle to another. Considering the small thickness of the sample, emergence of macro-cracks to the free surface could be a reason, among other possible assumptions. The same trends were pointed out in the squared part of Figure 6-a, still for the reference conditions but in a different sample. The above comments hold for this test. Unlike in Figure 5, the three pictures did not correspond to the same decompression time but to the maximum damage state (when fD is maximum) at cycles 1 (C1), 3 (C3) and 6 (C6). As a complement, the evolution of damage kinetics during successive decompressions could be discussed from the damage generation time maps in Figure 6-b. Clustering (and later macro-cracking) was particularly visible at cycle 3 with blue dots surrounded by light blue to red areas.

Influence of the pressure release rate Sdec

Figure 6 globally compares the reference test R (S2.5) to two slower pressure release rates: 1.0 MPa / min (S1.0) and 0.5 MPa /min (S0.5). The influence of Sdec can be considered first by comparing all tests at cycle 1 (first raw of Figure 6). Focusing on damage morphology, Figure 6-a clearly shows that slowing down the pressure release rate Sdec decreased the number of bubbles and minimized the clustering phenomenon. Even no clusters were detected for the slowest test S0.5. maps in Figure 6-b also show that the slower the decompression rate, the later cavities were nucleated. Such effects of the decompression rate on damage morphology have been reported earlier by the same research group, in transparent rubber materials exposed to a single compression-decompression cycle. Jaravel et al. reported Similar content has been published in: Ono H., Nait-Ali A., Castagnet S., Damage evolution in unfilled EPDM during various types of repeated hydrogen high-pressure cycles, International Journal of Fracture, 242, 153-167, 2023, https://doi.org/10.1007/s10704-023-00707-w 8 that the decrease in Sdec reduced the number of bubbles in a vinyltrimetoxysilane saturated at 9 MPa and decompressed at Sdec ranging from 0.2 to 90 MPa/min [START_REF] Jaravel | On key parameters influencing cavitation damage upon fast decompression in a hydrogen saturated elastomer[END_REF]. Kane-Diallo et al. reported a similar trend in the same transparent EPDM as investigated here, with 9 MPa saturation pressure and Sdec ranging from 0.75 to 30 MPa/min [START_REF] Kane-Diallo | Time-resolved statistics of cavity fields nucleated in a gas-exposed rubber under variable decompression conditions-Support to a relevant modeling framework[END_REF]. Anyway, even if cavities were detected later under slower pressure release, the current external hydrostatic pressure Pe was higher at that time. Indeed, cavities were detected once Pe was brought back to the atmospheric in the reference test, whereas the sample was still under pressure in the S0.5 test. If assuming that the internal pressure Pi depends only on the cavity volume, without any variation of the gas content, it means that the same state of cavity inflation was detected for two different values of the difference of pressure P. Moreover, the maximum cavity growth was significantly smaller in the S0.5 sample, consistently with a reduced driving force for cavity growth due to global gas desorption.

Let us consider now further cycles for all tests. It is worth underlying that the time between two cycles was long enough to reach full desorption of the sample before re-pressurization. Therefore, the different cycles could be viewed as the same decompression test performed in more or less pre-damaged samples from cycle to another. When cycling, isolated cavities, or primary cavities within clusters, reopened significantly earlier, and a macro-cracking phenomenon was newly observed. Macro-cracks began to evolve from a bubble at cycle 3 for R and S1.0 tests, and at cycle 2 for S0.5. More precisely, the onset times for the first cracks were 2417 sec at cycle 3 for the reference test (S2.5) [START_REF] Ono | Influence of pressure cycling on damage evolution in an unfilled EPDM exposed to high-pressure hydrogen[END_REF], 1502 sec at cycle 3 for S1.0, and 2462 sec at cycle 2 for S0.5, meaning at atmospheric pressure in all tests. There were more expanding cracks at cycle 3 in S0.5 compared with S1.0. However, propagation appeared limited, as a possible consequence of a more important desorption effect and a subsequent decrease of the macrocrack growth driving force. At cycle 6 in S0.5, cracks re-opened very early, with a size close to that observed at cycle 3, and did not propagate any more. An important point, established by the S0.5 test, was that macro-cracks did not necessarily start from clusters but also from isolated cavities. 

Influence of the elapsed time between the end of decompression and the next

Similar content has been published in: Ono H., Nait-Ali A., Castagnet S., Damage evolution in unfilled EPDM during various types of repeated hydrogen high-pressure cycles, International Journal of Fracture, 242, 153-167, 2023, https://doi.org/10.1007/s10704-023-00707-w

pressurization tdly

In the following series, all tests were decompressed at Sdec = 2.5 MPa/min but the time spent at Plow = 0.1 MPa between two cycles was shortened to 30min (t30) and 1min (t1) compared to the reference test R (called t60 in this section). It means that samples were not all fully desorbed before the next pressurization. Figure 7 displays damage morphologies of R(t60), t30, and t1 when the damage ratio fD is maximum at cycles 1, 3 and 5. At cycle 1, views of the t1 test corresponded to early stages of t30 which is itself a mid-stage view of t60. Cavities were logically smaller and less clustering was observed. Along cycling, the trend in the t30 sample was similar to that in t60, meaning less but larger cavities and a slightly less homogeneous spatial distribution with an increasing trend to clustering. Optical view of t30 sample at cycle 5 showed two populations of cavities, i.e. larger primary cavities surrounded by delayed smaller ones. Such an effect appeared limited in the t1 sample, when cavity growth was prevented by early repressurization. In that case, cavity size distribution was more homogeneous. A main difference between R and other tests dealt with macro-crack initiation which was prevented in t1 and delayed in t30 compared with the R conditions: macro-crack initiation occurred respectively at 1129 sec at cycle 3 in R(t60) [START_REF] Ono | Influence of pressure cycling on damage evolution in an unfilled EPDM exposed to high-pressure hydrogen[END_REF]) and at 2040 sec at cycle 4 in t30. This was consistent with the reduced time for damage propagation allowed in the t30 and t1 samples. Again, macro-cracking appeared at atmospheric pressure. Figure 8 aims at analyzing this time dependence more in-depth by plotting the time evolution of the damage ratio fD for all cycles of tests R, t30, and t1. In addition to colors, the size of marks increases with the number of cycles. Considering the bias due to 2D-projection of damage field and the possible overlapping effects, these curves must be considered carefully, especially in the t60 sample for which only the time for damage detection is commented here. All graphs show that fD started to increase earlier and earlier with cycling. Due to the time scale, it is all the most visible on the t1 graph (Figure 7-c). At this pressure release rate of 2.5 MPa/min, it took 360 sec to bring the sample back to atmospheric pressure. It means that damage in the t1 sample started to be detected after full pressure release at cycle 1 and during decompression from cycle 2. The same trend was observed in the t30 and t60 tests. In the t1 test, repressurization (which corresponds to the drop of curves in Figure 7, as a result of the closure of bubbles and macro-cracks due to external hydrostatic pressure) occurred significantly before the time needed for maximum damage ratio in the t60 and t30 samples. In addition, the growth kinetics between cycle 3 and 6 in the t1 sample was almost the same. By considering carefully the cavity field at each cycle, it could be determined that almost the same cavities re-opened at each cycle, which is less obvious in the t30 and t60

Similar content has been published in: Ono H., Nait-Ali A., Castagnet S., Damage evolution in unfilled EPDM during various types of repeated hydrogen high-pressure cycles, International Journal of Fracture, 242, 153-167, 2023, https://doi.org/10.1007/s10704-023-00707-w 10 samples. Under the highly limiting conditions of test t1, for which re-pressurization strongly confined the damage expansion, pressure cycling activated a "breathing"-like process of isolated cavities, homogeneous in size, with a weak growth from one cycle to another. This weak cumulative effect was emphasized by the kinetics of cycle 6. In this case, there was no more early pressurization and the situation was similar to a t60 cycle. However, no drastic increase of damage nor macro-crack initiation was observed. In test t30, primary cavities grew with cycling as a result of the earlier and faster kinetics with cycling. The macrocrack initiation time and the time for pressurization being approximately 2000 sec both, the reason why the time for onset of macro-cracking was delayed compared with the t60 test was presumably attributed to a macro-crack initiation at cycle 3 prevented by the hydrogen gas pressurization. In all tests, the initial fD growth kinetics was faster with cycling but, considering the high amount of damage, it could not be related to the kinetics of damage patterns and was not interpreted here. 

Influence of the minimum pressure at the end of decompression Plow

In this last section, the pressure release rate Sdec = 2.5 MPa/min and the time spent at lower pressure tdly = 60min were both kept identical for all tests, but the residual pressure was varied between Plow = 0.1 MPa for the reference test (called P0.1 in this section) and 2.5 (P2.5) or 5 MPa (P5). Again, the sample was not fully desorbed between two cycles, due to the residual hydrogen surrounding the sample during the low pressure plateau. Figure 9 compares the optical views at maximal damage ratio fD and damage generation time maps during the first, third and sixth decompressions for the three pressure cycle conditions.

Similar content has been published in: Ono H., Nait-Ali A., Castagnet S., Damage evolution in unfilled EPDM during various types of repeated hydrogen high-pressure cycles, International Journal of Fracture, 242, 153-167, 2023, https://doi.org/10.1007/s10704-023-00707-w 11 Figure 9: The damage morphologies of the R (P0.1), P2.5, and P5.0 when the fD is maximum in cycle 1, 3 and 6.

It was clearly established that maintaining a residual pressure drastically decreased and even almost prevented cavitation, even after several cycles. The onset and growth kinetics, as followed from the color maps, was not that much different. With the Plow conditions tested here, macro-cracks never initiated. At cycle 1, the higher the residual pressure Plow, the less and smaller cavities. The clustering effect was removed and the size distribution of cavities was more homogeneous. At cycle 3 of the P2.5 test, the number of cavities was significantly reduced while their average diameter was larger. This trend was similar to the evolution of primary cavities observed for shortened steps at Plow (e.g. t30 in the previous section). The damage field only slightly varied between cycles 3 and 6. Only a very few cavities were not detected anymore and the average size of the remaining ones did not evolve. Same conclusions could be drawn from the P5.0 test: the size of cavities only slightly increased between the first and third cycles and stabilized later. Very few cavities visible at the first cycle where not detected anymore at cycle 3. In the same way as in test t1, the recurrence of cavities was highly promoted by residual pressure: almost the same isolated cavities closed and re-opened from cycle 2 or 3, especially in P5.0.

DISCUSSION

A first objective of the present series of tests was to document damage cumulation morphology in hydrogen-exposed unfilled rubbers. There were not so many data reported so far, especially "in-situ" during the decompression stage. Beyond that, the different pressure profiles variably activated the different contributions to the driving force for damage nucleation and growth, meaning the difference of mechanical pressure between the externally applied hydrostatic pressure Pe and the internal pressure inside the cavity Pi, latter being related to the gas content inside the cavity which might be affected itself by the gas content field around the cavity due to macroscopic diffusion phenomenon. The aim of this section was to reconsider the full database and to discuss some general issues about cavitation and transition to macro-cracking.

Clustering

Clusters, as defined and detailed in Figures 3 and4, were widely observed in the reference conditions R, but also in S1.0, t30, t1, P2.5, and P5.0. S0.5 was the only pressure profile for which no clusters were observed, even at cycle 6. A very few pairs of close cavities were observed in this sample however, but with almost the same size. Figure 10-a shows the time evolution of the equivalent diameter Deq of the largest five bubbles at cycle 1 of test S0.5, along with the pressure profile. These five cavities being almost spherical all along the cycle, Deq was relevant to discuss size effects. Bubbles reached a maximal equivalent diameter about 0.8 mm without generating any cluster in this cycling condition. The two other graphs respectively compared Deq of primary and satellite cavities within a representative cluster in the case of test S1.0 at cycle 1 (Figure 10-b) and of close cavities in test P5.0 at cycle 1 (Figure 10-c), still along with the pressure profile in both cases. In the latter case, the pair of cavities did not exactly match the initial definition of a cluster given at section 2.2 (meaning that there not obvious delayed nucleation of a significantly smaller cavity) but the situation was very close anyway. In the cluster taken from the S1.0 sample, the bubble diameter reached about 0.8 mm whereas no satellite cavities were observed around a similar size cavity in test S0.5. On the other side, test P5.0 exhibited very close cavities although the primary cavity diameter was 0.4mm only. In Gent and Tompkins [START_REF] Gent | Nucleation and growth of gas bubbles in elastomers[END_REF], satellite bubble generation was supposed to originate from the rubber matrix deformation and the stress concentration change induced by primary bubble inflation. In the case of S1.0 and S0.5, it was shown that the primary cavity size did not govern whether cluster generated or not. It was an example, among others possible in this test series, that clustering was not driven only by the size of the primary cavity and by a modification of the surrounding mechanical field. Clustering seemed to result from a more coupled process between mechanical and gas content field at the cavity scale. It could be presumed that the remaining H2 gas in the cavity and around, expected to be lower in the S0.5 at the same Deq compared with the S1.0, could contribute to the lower ability to form clusters. More generally, the full set of experiments evidenced that any factor limiting cavity expansion limited the clustering effect, whatever (i) from the reduction of the differential mechanical pressure by keeping a residual pressure or (ii) from early re-pressurization which prevented gas desorption. Moreover, in the case of P5.0, the faster decompression rate compared to S1.0 or S0.5 was expected to minimize desorption and enhance less H2 gas content gradients in the matrix. The nucleation of close cavities suggested a very local process. In the case of early re-pressurization, clusters did not appear even after 6 cycles when pressure was raised again just after the end of the decompression ramp (t1). It suggested that the nucleation and growth of primary or isolated cavities were very local processes too, whereas clustering implied larger space scales with possible coupled modifications of the mechanical and gas content fields within. Judging from the above considerations, whether the clustering depended or not on the cycling condition possibly resulted by the competition between the primary bubble size and the remaining H2 content in the surrounding rubber matrix.

Macro-cracking

The second discussed issue deals with the transition from micro-damage to macro-cracking. Microdamage refers to cavitation and also micro-cracking that could not be discriminated from cavitation in the inflated state but were recently evidenced by [START_REF] Morelle | 3D fluorescent mapping of invisible molecular damage after cavitation in hydrogen exposed elastomers[END_REF] from post-mortem visualization of the fluorescence signal of soft rubbers tagged with mechanophores. Two sets of questions were considered: first the time and pressure state at which transition occurred, and then the type and size of damage pattern from which macro-cracks originated.

When occurring, macro-crack initiation was observed right after the maximum damaged state or during the deflation stage. The former situation is illustrated in Figure 11: curves plot the time evolution of fD (without the macro-cracks) for S1.0 at cycle 3 and S0.5 at cycle 2 and the macro-crack initiation times (1562 s and 2462 s respectively) were plotted with a star shaped symbol. The latter case can be illustrated from test t30, where cracking began at 2040 sec at cycle 4, so clearly in the deflation stage as shown in Figure 8b.

It worth being underlined that all tests exhibited macro-cracking during cycling, except those with limiting factors like residual pressure (P2.5 and P5.0) or early re-pressurization (t1), and that macro-cracking Similar content has been published in: Ono H., Nait-Ali A., Castagnet S., Damage evolution in unfilled EPDM during various types of repeated hydrogen high-pressure cycles, International Journal of Fracture, 242, 153-167, 2023, https://doi.org/10.1007/s10704-023-00707-w 13 were nucleated once Pe was at atmospheric pressure. A condition for macro-crack evolution thus seemed to be a low external pressure, less than 2.5 MPa. Second question was on the type and size of damage pattern from which macro-cracks were nucleated. In the reference test, macro-cracks clearly nucleated from clusters. But on the other hand, macro-cracking was also pointed out in the S0.5 test, where no clusters were previously observed, meaning that satellite bubbles were not required for the transition from cavities to macro-cracking.

The question of a critical size for transition to fast macro-crack could be raised, in the same way as done for clustering in the previous section. For these advanced stages of damage, it could be difficult to precisely quantify a critical size, due to the closeness and overlapping of cavities (as illustrated in Figure 4b) in 2D views of damage field. Only the order of Deq was considered for discussion. Four different situations were picked up in the following and discussed all together. As a first example in the reference test, it was reported earlier that the macro-crack propagated from a bubble with an equivalent diameter Deq at least 0.7 mm [START_REF] Ono | Influence of pressure cycling on damage evolution in an unfilled EPDM exposed to high-pressure hydrogen[END_REF]. A similar value was estimated here from the macro-crack initiated at cycle 4 in the t30 sample. In the case of tests with positive residual pressure, for which the size of isolated cavities could be reliably estimated from Deq, Figure 12-a shows the average Deq of cavities re-appearing at all of the six cycles in P2.5 and P5.0, when fD was maximum. Their size slightly increased with cycling and converged to a constant value smaller than the critical range invoked just before. As a fourth situation, Figure 12-b illustrates the evolution of the equivalent diameter of two cavities observed at cycle 3 in the S0.5 test, and their transition to macro-cracking detected from 2462 sec. Before transition, it could be observed that Deq was tentatively constant at approximately 0.95 mm for at least 60 sec.

The above listed situations provided consistent low boundary sizes of damage patterns to be reached to observe macro-cracking. However, the existence of a critical size as an intrinsic parameter for macrocracking transition was not demonstrated. Such a concept is not trivial for decompression failure. Indeed, if the local loading at the cavity scale was similar in all the above conditions, a critical size could refer to a critical property of the cavity wall (extensibility of chains, toughness). However, the combination of mechanics and local gas content may lead to different local loadings in the above considered cavities, with possible time-dependent effects not captured by the size only. 

Effect of the pressure difference P = Pi -Pe

In a pure-mechanical cavity growth model assuming pre-existing hole embedded in rubber matrix, the size of bubbles is expected to be the same when the pressure difference between Psat and Plow (∆P) is the same, even if Psat differs. In terms of ∆P, P5.0 and Psat = 9 MPa (Psat.9) in our previous study [START_REF] Ono | Influence of pressure cycling on damage evolution in an unfilled EPDM exposed to high-pressure hydrogen[END_REF] were similar: ∆P was about 10 MPa and 9 MPa respectively. As shown in Figure 13-a, Deq was ranging from 0.3 mm to 0.4 mm for all cycles in the P5.0 test. On the other hand, the average diameter was below 0.3 mm at all cycles for Psat.9. This seemed consistent considering the weak P difference between two tests and would suggest that the problem was a pure mechanical one. However, these tests were performed at rather high decompression rates. Analysis of the Sdec series, involving slower decompression rates and more possible gas content gradients, previously pointed out that the difference of pressure P could not be the only parameter governing decompression failure. Moreover, Figure 13 shows a smaller number of cavities Ncav in P5.0 (∆P = 10MPa) as compared with Psat.9 (∆P = 9 MPa). Ncav in P5.0 was 3 times smaller at cycle 1. It suggested that the very short time and spatial scales involved at cavity nucleation were not governed by the macroscopic P only. The minimal value Plow was a limiting factor too, as shown by the size comparison in Figure 12-a and the Ncav evolution with cycling in Figure 13. 

CONCLUSION

The effect of repeated pressure cycles on decompression failure was investigated in an unfilled transparent EPDM using in-situ optical images of the damage field. Post-processing allowed to quantify the morphology of damage in cases of limited damage and to visualize the chronology of the different damage patterns considered here: isolated cavities, clusters (defined here as a primary cavity surrounded by delayed smaller ones) and macro-cracks. Pressure cycles were made of four steps: pressurization (1MPa/min), saturation (15MPa), decompression at constant pressure release rate Sdec (2.5MPa/min in the reference test) down to a minimal pressure Plow (atmospheric pressure in the reference test) maintained for a fixed time tdly before re-pressurization at the beginning of the next cycle. Sdec, Plow and tdly were varied one by one from the reference conditions (previously deeply investigated in [START_REF] Ono | Influence of pressure cycling on damage evolution in an unfilled EPDM exposed to high-pressure hydrogen[END_REF], through three series of tests which therefore changed the combination between two coupled driving forces of damage growth: (i) the difference between the internal pressure of cavities or macro-cracks and the external hydrostatic pressure and (ii) the gas content inside and around the cavity, which directly influenced the internal pressure and was bound to be affected by global desorption in some cases.

 The pressure release rate (Sdec), time between two cycles (tdly) and residual pressure after decompression (Plow) significantly changed the damage evolution scenario, not only at the first cycle but all along the cycling. First, slowing down of Sdec decreased the number of bubbles and cluster generation but cracking still occurred. Then, shortening of tdly led to numerous but smaller cavities and delayed the cracking cycle. Cavity size only slightly increased with cycling. Finally, a higher Plow drastically reduced bubble generation and size and prevents macro-cracking.

 The size of isolated cavities and primary cavities within clusters increased with cycling, with more or less amplitude depending on the pressure cycle parameters.

 Clustering was not driven by a critical size of the primary cavity, making it questionable a purely mechanical effect, as sometimes claimed in the literature.

 Macro-cracks did not necessarily nucleate from clusters but also from isolated cavities. Macro-cracks always initiated under low values of the external pressure.

 This wide range of cycling conditions evidenced conjugated effects of pressure difference and gas diffusion

Similar content has been published in: Ono H., Nait-Ali A., Castagnet S., Damage evolution in unfilled EPDM during various types of repeated hydrogen high-pressure cycles, International Journal of Fracture, 242, 153-167, 2023, https://doi.org/10.1007/s10704-023-00707-w 16 as contributions to the driving force of cavity growth. Slow decompression rates impacted the diffusion process and promoted larger scale gradients. Less cavities were detected and their expansion was limited, consistently with a reduced local gas amount inside the cavity.

In restrictive conditions, preventing large scale diffusion effects or limiting the pressure difference (e.g. in low tdly or high Plow tests), phenomena were more localized. Smaller cavities were nucleated, with a narrower size distribution and more homogeneous space distribution too. Clustering was very limited and macro-cracking was significantly delayed and even prevented with cycling.

Figure 2 :

 2 Figure 2: Pressure profiles of (a) the reference test and of the three series of pressure cycles respectively addressing (b) the influence of the pressure release rate Sdec, (c) the elapsed time between the end of decompression and next pressurization tdly and (d) the minimum pressure at the end of decompression Plow.

Figure 3 :

 3 Figure 3: Examples of observed damage patterns, defined in the present work as a) bubble, b) cluster, and c) macro-crack.

Figure 4 :

 4 Figure 4: Example for clusters of cavities of (a) a noise removed image, (b) a binarized one and (b) of the damage generation time map deduced from them between the beginning of decompression and the time at maximum projected damage ratio tmaxf.

Figure 5 :

 5 Figure 5: Views of the damage field in a reference test (Sdec = 2.5 MPa/min, tdly = 60min and Plow = 0.1 MPa) at the end of each cycle (one minute before re-pressurization)

Figure 6 :

 6 Figure 6: (a) Optical views of R (S2.5), S1.0, and S0.5 samples at maximal damage ratio fD at cycle 1, 3 and 6 and (b) corresponding damage generation time maps.

Figure 7 :

 7 Figure 7: the damage morphologies of the R(t60), t30, and t1 when the fD is maximum in cycle 1, 3 and 5.

Figure 8 :

 8 Figure 8: Time evolution of the damage ratio fD for all cycles in (a) the reference test R (t60), (b) t30 and (c) t1.

Figure 10 :

 10 Figure 10: Pressure profile and time evolution of the equivalent diameter Deq of (a) the largest five bubbles (B1-B5) in test S0.5 at cycle 1, (b) the primary and satellite bubbles of a representative cluster in test S1.0 at cycle 1 and (c) close cavities in test P5.0 at cycle 1.

Figure 11 :

 11 Figure 11: The time evolution of fD without cracks for S1.0 in cycle 3 and S0.5 in cycle 2 with the cracking initiation times as a star shaped symbol

  Figure 12: (a) Average Deq (at maximum fD) of cavities appearing again at every cycle in P2.5 and P5.0. and (b) transition to macro-crack of two pre-crack bubbles observed at cycle 3 in the S0.5 test.
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Figure 13 :

 13 Figure 13: Evolution of the number of cavities Ncav with pressure cycles in P5.0 (∆P = 10MPa) as compared with Psat.9 (∆P = 9 MPa).

  

  Similar content has been published in: Ono H., Nait-Ali A., Castagnet S., Damage evolution in unfilled EPDM during various types of repeated hydrogen high-pressure cycles, International Journal ofFracture, 242, 153- 167, 2023, https://doi.org/10.1007/s10704-023-00707-w

	7

ACKNOWLEDGEMENTS

Authors are grateful to Pr. S. Nishimura from Kyushu University (Japan) for kindly providing the material of this study. Pprime Institute gratefully acknowledges "Contrat de Plan Etat -Région Nouvelle-Aquitaine" (CPER) as well as the "Fonds Européen de Développement Régional (FEDER)" for their financial contribution to the devices used in this work. This work was partially funded by the French Government program "Investissements d'Avenir" LABEX INTERACTIFS (reference ANR-11-LABX-0017-01) and EUR INTREE (reference ANR-18-EURE-0010). It pertains to the scope of the French Research Network on Hydrogen energy (FRH2), FR CNRS 2044, (https://frh2.cnrs.fr/).

DECLARATION OF COMPETING INTEREST

The authors declare that they have no known competing financial interests or personal relationships that could have appeared to influence the work reported in this paper.