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ABSTRACT 

Cavitation is a damage process often observed during or after pressure release in polymers 

exposed to high-pressure diffusive gases. Only a few characterizations of the phenomenon 

have been reported in the literature, all of them being based on 2D pictures of the sample 

taken after removal from the pressure chamber or, more recently, inside the chamber 

during pressure release.  This study displays the first time-resolved 3D imaging of 

decompression failure in high-pressure gas exposed polymers, obtained from in-situ X-ray 

computed tomography. New data were provided about the out-of-plane shape and volume 

distribution of cavities. It allowed rigorous estimation of a Morphological Representative 

Volume Element for the cavity field. The bias resulting from the former 2D-projection 

methods could be discussed. 

KEYWORDS:  EPDM; Hydrogen; cavitation; Representative Volume Element (RVE); 

cavity field 

1. INTRODUCTION

Rubbers exposed to a high-pressure diffusive gas sometimes undergo cavitation or cracking 

during pressure release. This decompression-enhanced damage process occurs when the gas 

cannot desorb out of the polymer fast enough and locally expands. It has often been 

referred to as explosive decompression failure as most pioneer works were conducted with 

very fast decompression rates [1]. However, it may also occur under moderate or even slow 

pressure release rates, and exhibit rather slow growth kinetics.  

Decompression failure was reported in the literature a few decades ago in various gas-

polymer systems [2-8]. It has not been that much investigated so far, especially in hydrogen. 

Interest for damage resistance of high-pressure hydrogen-exposed polymers was renewed 

about ten years ago, when hydrogen started to be considered as a new potential energy 

carrier. Since decompression failure may affect permeation properties and mechanical 

resistance, it is a major concern for industrial components designed for fuel cell vehicles and 

hydrogen charge stations. A better understanding of damage mechanisms is crucial to 

improve the design of components and the formulation of hydrogen-exposed rubbers. It 

faces strong limitations, among which is hydrogen manipulation in in-situ experiments. Only 
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a few laboratories are able today to conduct physical and mechanical experiments under 

high-pressure hydrogen in polymers [9-16]. 

The most developed methods to track cavitation processes were based on the optical 

transmission of visible light in transparent samples exposed to several hydrogen pressure 

ranges [9, 12, 17]. By time-resolved tracking using visible light transmission through a small 

window machined in the front door of the chamber, Jaravel et al. [9, 14] and Kane Diallo et 

al. [17] studied the effect of decompression rate, saturation pressure and additional 

stretching on decompression failure in unfilled silicon and EPDM rubbers up to 40 MPa. Kane 

Diallo et al. led a statistical analysis of cavity distribution at the full-field scale (number of 

cavities, size distribution and spatial distribution), based on processed images of cavity fields 

during the decompression test. This evaluation of the spatial distribution of cavities was 

enriched by a covariogram method applied to each picture of the image stack. Covariogram 

corresponds to the probability C(h) of encountering a cavity at a distance h from another 

cavity along one given direction [18]. Among other data, this method allowed discussion of 

the features of a Morphological Representative Volume Element (MRVE) (isotropy, shape, 

size). MRVE data was useful for physically-motivated Finite Element modeling of the growth 

of pre-existing cavities on decompression in diffusive-mechanical conditions.  

Visible light transmission techniques faced several strong limitations. First, these techniques 

were limited to transparent materials. Another limitation was the decreasing size of the 

window with increasing hydrogen pressure level. More importantly, these 2D techniques 

provided projected views of cavities through the full thickness of the sample, with possible 

artefacts due to overlapping, and strong assumptions about out-of-plane size and shape of 

cavities. In Kane Diallo et al.’s work for instance, cavities were supposed to be spherical.  

X-ray computed tomography appeared an alternate method to overcome both limitations 

and get a 3D indirect imaging of the cavity field. The main challenge was to get good enough 

space resolution with a time acquisition compatible with cavity growth kinetics.  

Over the last decade, X-Ray computed-tomography (CT) has become a reference 

nondestructive method to get indirect views of microstructure and defects in materials. 

Regarding polymer-based materials, it has been widely used in systems with good electronic 

density contrast, like between fiber and matrix in composites or between voids and polymer 

matrix (in foams for instance). Many studies in polymeric foams addressed the deformation 

and damage mechanisms under compression, first based on interrupted tests [19-22] and, 

more recently, during in-situ testing [23-24] 

 “Pure” bulk polymers are more complex systems. A first difficulty deals with the low 

electronic density contrast between phases: for instance, between the amorphous and 

crystalline layers in a semi-crystalline polymer, but also between carbon black and matrix in 

a filled rubber. A second difficulty is the scale of interest, usually rather fine regarding the 

microstructure and sometimes the defects. The size of nano-voids in a cavitated semi-

crystalline polymer or the fibrils diameter in a craze are close to the best spatial resolution 

now reached from X-ray CT using synchrotron beam radiation. 

The ex-situ X-Ray CT studies in polymers mainly addressed residual damage by mapping, 

either the attenuation coefficient as an indicator of the porosity level (e.g. [25] in 

polyvinylidene fluoride), or individualized defects (e.g. [26] about fatigue mechanisms in 

rubbers, [27] for the voided structure of polymer fibers). 

2



ACCEPTED MANUSCRIPT

Two major improvements resulted from the increasing access to synchrotron beam facilities 

over the last decade. The first was the increasing space resolution, even for ex-situ 

observations. This allowed imaging of smaller defects, especially in semi-crystalline 

polymers: micronic cavities in stretched polypropylene [28], permanent voids in necked 

HDPE [29], voids/fibrils microstructures in polyamide 6 [30-31], polyoxymethylene [32] or 

isotactic polypropylene [33]. The second interest was the ability to perform in-situ 

measurements during mechanical loading. Rosenberg et al. investigated the enhanced 

voiding in the center part of a notched specimen of polyvinylidene fluoride [25]. Poulet et al. 

did the same in notched samples of polyamide 11 under tension [34].  

Almost all mechanical loadings applied to polymers in in-situ tomographic work were tensile 

tests, although the shape of samples could locally promote triaxiality. The work from 

Lachambre et al. in syntactic polypropylene or polyurethane foams was an exception 

regarding hydrostatic pressure loading [23]. Ethanol was used as the pressure fluid. Using a 

high-resolution X-ray tomograph in a synchrotron facility, the spatial resolution was 3.5 x 3,5 

x 3.5 µm
3
 with an acquisition time of 5 min. In a totally different field but with analogies 

regarding the damage process, Babin et al. used in-situ X-ray CT to track the expansion and 

coalescence of bubbles during breadmaking [35]. The average radius of bubbles was from 

several tens to several hundred microns. The kinetics was much slower than in the present 

case, with a radius rate of about 100 µm per hour.  

To the authors’ knowledge, the in-situ tracking of decompression failure in hydrogen-

exposed polymers is reported here for the first time. This original experiment is depicted 

first, with special interest paid to the necessary compromise between acquisition 

parameters and cavity growth kinetics. Results are mainly focused on the contribution of 3D 

data: (i) the evaluation of the bias induced by the 2D projection of cavity field on the 

estimation of voided volume ratio or Morphological Representative Volume Element in 

visible light methods, (ii) the distribution of cavities through the thickness, (iii) the 3D 

anisotropy of voids. 

 

2. EXPERIMENTAL  

 

1. Material and decompression test 

 

This study was carried out on a transparent unfilled EPDM used for seal applications, 

provided by Pr. Nishimura from Hydrogenius Laboratory at Kyushu University. Square 

samples (10x10 mm²) were cut from 2 mm-thick compression-molded sheets. The diffusion 

coefficient D and solubility parameter S of hydrogen into the present EPDM were 

respectively D = 1.457 10-10 m²/s and S = 969 wt.ppm/m3/MPa [9].  

Samples were exposed to hydrogen at 12 MPa and saturated. After 150 min exposure, the 

pressure was released at 2.5 MPa/min.  

 

2. X-ray Computed-Tomography 

 

The evolution of cavitation during decompression was followed by X-ray tomography, using 

an Ultratom tomograph from RX Solutions® fitted with the cylindrical pressure chamber 

visible in Figure 1. In the present work, the chamber was filled with hydrogen (nitrogen or 

carbon dioxide were also possible) up to a pressure of 20 MPa. Tests were conducted at 
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room temperature, but the maximum possible temperature was 150°C. The device was 

remotely controlled; compression and decompression rates were regulated. 

Inside the chamber, the sample was centered on the rotation axis, 36-mm from the X-ray 

source. It was scanned using a micro X-Ray source (voltage 80 kV, current 375 µA). The 

detector was a flat panel with 1920x1536 sensitive elements (binning mode for this study). 

This X-ray detector consisted of an X-ray CsI scintillator screen settled on an amorphous 

silicon layer. Image slices were reconstructed based on a conventional filtered back-

projection algorithm. 

Figure 1: Pressure chamber for in-situ X-ray tomography of hydrogen exposure and decompression. 

Computed tomography reconstructs a 3D image of the internal structure (cavity field here) 

from the recording of a set of radiographs, obtained by tilting the sample at different angles. 

Each radiograph (i.e. for a given angle) displays a map of the local absorption of X-ray 

radiation. As for any transient phenomenon tracked by in-situ tomography, the present 

challenge was to come to a compromise between the quality of the acquired data (i.e. the 

stack of images used for one reconstruction) and the kinetics of the physical phenomenon. 

On one hand, the number of images of the stack must be large enough, and the spatial 

resolution small enough to ensure good quality of 3D reconstructions. Usually, the better the 

acquisition, the longer the time needed. On the other hand, the time elapsed between the 

first and the last image of the stack must be short enough to ensure slight evolution of the 

cavities to be reconstructed. This possible distortion effect limited the range of accessible 

growth kinetics. Several situations were tested to optimize the acquisition parameters. For 

the present decompression conditions (saturation pressure and pressure release rate), the 

retained configuration was a set of 200 projections, taken within 360°, acquired over a total 

time of 100 seconds. After reconstruction, the voxel edge size was 16µm. 

Since the surfaces of the sample (initially flat) were blistered during decompression, images 

were cropped before segmentation. Indeed, the rubber matrix, the cavities and the 

surrounding medium had close grey levels. Without preliminary crop, some areas of the 

external medium around the blistered surface could be locally assimilated to cavities during 

segmentation. To avoid this, an identical number of slices was cropped from each side of the 

full imaged volume. The cropped volume was called “Observed Volume” in the following.  

This number of slices (five) was calibrated in order to remove the blistered surface but keep 

the maximum volume enclosing all cavities at any time. It was defined a posteriori and kept 

identical for the full test, so that the resulting Observed Volume was constant all along the 

test (9.68 mm x 9.64 mm x 1.84 mm). However, due to swelling of the sample during 

decompression, the Observed Volume corresponded to a variable fraction of the real sample 

volume. A rigorous calculation of the voided volume ratio (which was not the aim of the 

present study) should be based on an updated measurement of the sample size at any time 

of decompression, without any crop. Again, this was not trivial because of the above 

mentioned difficulty of surface detection. So, in order to compare the voided volume ratio 

obtained from the 2D and 3D methods in section 3.1, the voided volume was divided by the 

initial volume of the sample in both case, making the comparison possible. 

Segmentation was processed from slices along the Z direction, i.e. along the sample 

thickness. 
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3. Error estimation

A preliminary study was conducted using Matlab software® to estimate the error associated 

with the evolution of the cavity size during the acquisition of the stack. A numerical 3D field 

of perfectly spherical cavities was generated and evolved with a controlled diameter growth 

rate. This rate of 1µm/s was that experimentally measured in 2D by Kane Diallo et al. in the 

same material submitted to similar decompression conditions [17]. 

This numeric sample was processed in the same way as the tomographic experiment would 

do: virtual radiographs were computed from successive 2D projections of the numerical 

field, following a step-increasing tilt angle. Due to the inflation of cavities by this time, the 

radiographs of the stack (obtained at different angles) corresponded to slightly different 

values of the cavity diameter.  

Two configurations were simulated.  A first virtual stack of radiographs (A) was generated in 

“ideal” acquisition conditions, i.e. a large number of radiographs (1440 radiographs over 

360°) and good spatial resolution (8x8x8 µm
3
 voxel). The good reconstruction obtained from 

this stack A was considered as a reference. A second virtual stack of radiographs (B) was 

built-up in the same degraded mode as the real experiment, i.e. with a voxel size twice as 

large as the reference (A) and fourteen times less radiographs. The growth rate of cavities 

was kept unchanged for both configurations (A) and (B), as well as the time between the first 

and the last image of a given stack. The reconstruction algorithm was unchanged too. 

The error was calculated as the number of voxels which do not belong to the same phase 

(cavity or matrix) between configurations A and B. For the present experimental conditions, 

the error was 3.2%. Compared with the repeatability of the phenomenon shown later, it 

could be considered as acceptable.  

3. RESULTS

Figure 2 qualitatively illustrates some 3D views of the Observed Volume, obtained at 

different times of cavity expansion. These views showed that a non-negligible number of 

cavities were nucleated in the sample. With the current spatial resolution, the first ones 

were detected 4 minutes after the beginning of pressure release, i.e. at about 3 MPa of 

hydrostatic pressure. Figure 2-(c) shows the delayed nucleation of a second population of 

cavities, mainly clustered around the first ones, as shown in the last views of Figure 2. This 

phenomenon has been reported previously in the literature in other gas-rubber systems [5-

6]. The delayed nucleation process made the distribution of cavities rather heterogeneous at 

the sample scale. Due to the inability to really measure the distance between primary and 

secondary cavities from 2D imaging (out-of-plane distances were not accessible), clustering 

has never been quantitatively investigated so far, and its origin has never been elucidated. 

Interaction effects between close cavities were not the purpose of the present article, but 

the new tomographic device presented here should open new routes to address them in the 

future. 

Figure 2: 3D views of cavities expansion in unfilled EPDM saturated at 12 MPa and decompressed at 

2.5 MPa/min (view of the Observed Volume).  

Figure 3 plots the evolution of the number of cavities and total voided volume during and 

after pressure release. Each graph displays three curves, corresponding to three different 
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tests performed with the same decompression conditions. Both graphs demonstrated the 

good repeatability of the method, with a maximum relative departure from the average of 

about 15 %. This was similar to the scatter previously obtained by Kane Diallo et al. from a 

2D optical method [17]. 

Figure 3: Repeatability of the (a) number of cavities and (b) total volume of cavities during three 

decompression tests in unfilled EPDM (exposure pressure 12 MPa; decompression rate 2.5 MPa/min) 

as detected from in-situ X-ray tomography. 

Compared to the former 2D methods, the present 3D tomographic one provided additional 

data about the thickness and the volume. The following sections focus on the bias induced 

by the 2D projection (inherent to the 2D optical methods) on four characteristics of single 

cavities or cavity fields. The contribution of in-situ tomography to each of them is detailed.  

3.1 Estimation of the voided volume ratio 

Tomographic reconstructions were processed to get the time evolution of the voided 

volume ratio, plotted in Figure 4 (red circles). The kinetics was expected to be the same as 

the total volume of cavities, plotted in Figure 3. 

From the previous 2D visible light transmission methods, only an estimation of the voided 

surface ratio (i.e. a 2D projection of cavities through the thickness) could be accessed. The 

full cavity field was then integrated through the thickness and divided by the surface. 

Estimation of the volume ratio required a strong assumption about the shape of cavities (e.g. 

sphericity) in order to compensate the lack of out-of-plane data. Moreover, a non-negligible 

bias could arise from some overlapping of cavities.  

In order to discuss the bias of the 2D projection estimation, the present 3D data were also 

processed in the same way as done from the 2D method. The cavity field was projected 

through the thickness of the sample. The projected voided area was calculated and the 2D 

surface ratio of cavities was deduced (purple triangles in Figure 4). The huge error associated 

with 2D projection (680% at the maximum voided state) was clearly evidenced. 

As a matter of comparison, Figure 4 also displayed the 2D surface ratio measured by Kane 

Diallo et al. [17] in 20x20 mm samples of the same EPDM, during similar pressure release 

(2.5 MPa/min) but from a higher exposure pressure of 15 MPa (grey squares in Figure 4). The 

experimental surface ratio significantly exceeded the estimation from tomographic data. 

However, the exposure pressure is known to promote cavitation. The higher exposure 

pressure could explain the enhanced void ratio in their case. The assumption of spherical 

cavities (made by Kane Diallo et al. for image processing of cavity fields pictures) could also 

be invoked, as discussed later in section 3.3. 

Figure 4: Time evolution of the voided volume ratio obtained by in-situ X-ray tomography and 

projection through the thickness, for comparison purpose with the voided surface ratio obtained from 

2D optical methods (* from [17]). 

3.2 Distribution of cavities through the thickness 

At any decompression time, the volume of each cavity could be determined from in-situ X-

ray tomography reconstructions and correlated with its location through the thickness. In 

each graph of Figure 5, each dot corresponds to the volume of one cavity (plotted in 
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micron
3
) as a function of the abscissa of the gravity center in the thickness direction of the 

Observed Volume. The indicated time (in seconds) corresponds to the beginning of the stack 

acquisition. 

Figure 5: Mapping of the volume of all cavities as a function of their location through the thickness of 

the Observed Volume, at different times after the beginning of decompression. 

The first nucleated cavities were spread over the thickness, as observed at 200 s. The 

following graphs clearly evidenced that the largest cavities were located in the core of the 

sample. The largest cavities reached a maximum volume almost equivalent to a 700µm-

diameter sphere. Many small cavities were simultaneously observed all through the 

thickness at any time, but with a higher concentration in the core.  

3.3 Anisotropy of cavities 

The visible light transmission methods available so far only displayed 2D views of cavities. In 

the same material as used here, Kane Diallo et al. showed that cavities were almost circular 

[17]. The present tomography data allowed discussion of the anisotropy of cavities in a 

complete 3D context. This section first focuses on the 3D morphology and anisotropy of 

single cavities. Anisotropy at the scale of the field will be discussed in the next section. 

Figure 6: a) view of the cavity field 3000s after the beginning of decompression and focus on the 

shape of one single cavity (red square) in planes (b) XY, (c) XZ) and (d) YZ.  

As a representative example, Figure 6 displays views of one single cavity extracted from the 

field (red square) in all planes. The isotropy of cavities in the XY plane, previously observed 

from the 2D method, was confirmed here, but a non-negligible flattening was clearly 

evidenced in the sample thickness direction. This was visible in both XZ and YZ planes, 

respectively, in Figure 6-(c) and (d). This result partly explained the overestimation of voided 

volume when calculated from the 2D surface ratio, assuming spherical cavities. 

Cavity anisotropy was quantified based on the smallest convex hull, which was computed 

first and found very close to an ellipsoid. Three orthogonal axes were attached to each 

convex hull. The first axis corresponded to the maximum distance between two points of the 

convex hull. The second axis was orthogonal to the first one, and contained the most distant 

point to it on the convex hull. The third axis was obtained as the vector product of the other 

two directions. In case of non-uniqueness, the first occurrence was kept at each step. The 

anisotropy ratio of the cavity was finally defined as the ratio between the shortest and the 

largest axis. This ratio equalled 1 when the cavity was perfectly spherical. The above defined 

anisotropy ratio was very close to the Feret ratio in the present case of almost ellipsoidal 

cavities. 

This long computational procedure has been carried out for each time and each of the three 

experiments. The anisotropy ratio was computed for each cavity at any acquisition time of 

the three experiments. Calculations were performed on the supercomputer facilities at the 

“Mésocentre de calcul SPIN” hosted by University of Poitiers. 
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Figure 7: Time evolution of the average anisotropy ratio of cavities. 

The time evolution of the average anisotropy ratio of the cavity field was plotted in Figure 7, 

for one of the three tests. On average, cavities appeared more spherical at the time of 

maximum cavitation (maximum number and volume ratio of cavities), without reaching 

perfect sphericity. The flattening effect was stronger at the beginning of inflation and at the 

end of deflation.  

However, the average anisotropy ratio only made sense depending on the shape of the 

distribution for the full cavity field. Then, the corresponding histograms were plotted in 

Figure 8 at different times after the beginning of decompression. At 200 seconds, the first 

population of cavities was at variable stages of the nucleation and growth process, with a 

highly distributed anisotropy ratio. Between 450 and 1500 seconds, histograms exhibited a 

major population of cavities almost spherical, with an anisotropy ratio close to 0.9. The 

delayed nucleation of secondary cavities was responsible for a shoulder of the main peak, 

visible between 300 and 800 seconds. After 200 seconds, cavities heterogeneously deflated, 

with again a distributed anisotropy ratio. 

Figure 8: Evolution of the distribution of anisotropy ratio at different times after the beginning of 

decompression (same data set as used for the average calculation in Figure 7). 

Conclusions deduced from the full cavity field were consistent with previous observations at 

the single cavity scale in Figure 6. Several phenomena could contribute to anisotropy. Due to 

the sample shape (smaller thickness than width), the diffusion boundary conditions could be 

anisotropic. Material anisotropy also could be incriminated, due to compression-molding of 

the initial rubber sheets.  

3.4 Morphological Representative Volume Element 

The above depicted cavity field raised the question of the size and composition of a 

Representative Volume Element, especially for further modelling purpose. A covariogram 

method can be applied to access the size of a Morphological Representative Volume 

Element (MRVE) of a damage field [18]. Covariogram corresponds to the probability C(h) of 

encountering a cavity at a distance h from another cavity along one given direction. A 

correlation length  can be extracted from the covariogram in any given direction. It 

corresponds to the distance beyond which the statistical influence of the cavity field 

becomes negligible in the considered direction. The correlation length  can be viewed as 

the half-size of a MRVE in the considered direction. 

Kane Diallo previously applied this method to 2D-projection pictures of cavity fields [17]. 

Only two orthogonal directions of the sample plane (X and Y) were processed. For moderate 

decompression conditions, the MREV was shown to be isotropic in the sample plane, with a 

slightly larger width than the average size of cavities. The MRVE could be represented as a 

unit cell containing one or two cavities. More severe decompression conditions (i.e. fast 

decompression rates or high pressures for saturation) strongly promoted cavity nucleation. 

The MREV size drastically increased and included a large number of cavities on average. 

However, no information about MRVE was provided through the thickness. The evidence of 

two regimes had major consequences on the modeling strategy. In the former case of 

moderate decompression conditions, modeling could be based on a unit cell containing one 

cD

cD
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or two cavities. In the latter case of faster decompression, the MREV became very large 

compared to the sample size and the concept of MRVE itself was questioned, suggesting the 

need for alternate modeling approaches. 

  

In the present work, covariograms were computed from the successive tomographic 

reconstructions (i.e. at different times) in the three main space directions: X and Y in the 

sample plane and Z in the thickness direction. The correlation distance  extracted from 

each covariogram was plotted in Figure 9. The time evolution of along X and Y were 

compared to each other; this confirmed that the MRVE was almost isotropic in the sample 

plane all along decompression, as reported by Kane Diallo et al. from the 2D method [17]. 

On the other hand, the correlation length in the thickness direction Z was always smaller 

than in the plane direction. This meant that the MRVE was flattened in the thickness 

direction. This could not be detected from the 2D method.  

 
Figure 9: Time evolution of the correlation distances extracted from covariograms along the two 

principal axes in the sample plane (X and Y) and along the thickness direction (Z) during and after 

decompression. 

 

Cavitation was maximum after 600 seconds, as shown from the evolution of the number and 

volume ratio of cavities in Figure 3. At that time, the corresponding MRVE size was (2x0,72) x 

(2x0,736) x (2x0,416) mm
3
 = 1.76 mm

3
. This size appeared close to the average size of 

clusters visible in Figure 2, containing a large primary cavity surrounded by several smaller 

ones. An important result was that the MRVE estimated from the 3D analysis in the present 

decompression conditions was significantly smaller than that previously estimated in the 

same decompression conditions, but in a 2D context, by Kane Diallo et al. [17]. In this latter 

case, the MRVE size was very close to the size of the sample itself. This MRVE analysis was 

further proof of the bias induced by 2D projection methods. A 3D characterization of 

cavitation appeared essential to support modelling strategy. 

 

CONCLUSIONS 

 

A 3D in-situ X-ray tomography experiment was developed for better understanding of 

decompression failure mechanisms in gas-exposed polymers. The acquisition configuration 

and testing conditions were optimized to minimize artefacts and provide reliable 

quantitative results. A major concern of this article was to discuss and complete the 

alternate method used so far in the literature, i.e. the observation of 2D projections of the 

cavity field using visible light transmission.  

In the present unfilled EPDM, the time evolution of the number of cavities was found to be 

similar to that measured from a 2D optical method. Even if the previously estimated surface 

ratio could not be directly compared to the present volume ratio, both parameters 

consistently evolved with time.  

A major interest of this new experiment was the additional data provided in the out-of-plane 

direction. First, the 3D shape of cavities could be clarified. In these samples, cut from plates, 

cavities were not isotropic. They were flattened in the sample plane at the early stage of 

growth. They then became isotropic, but flattened again at the end of deflation. Regarding 

the out-of-plane distribution, coarser cavities were located in the core of the sample. They 

co-existed with a population of small cavities, spread throughout the sample thickness.  

cD

cD
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This 3D experiment also allowed complete characterization of the size and shape of a 

Morphological Representative Volume Element (MRVE) for the cavity field. The MRVE size 

was estimated from a covariogram analysis. It was also found to be flattened in the sample 

plane, with a size corresponding to that of clusters of primary cavity surrounded by several 

secondary ones. This size was much smaller than estimated from the 2D method in the same 

decompression conditions. This is one case of bias induced by 2D projection in the visible 

light transmission method.  

Being able now to characterize the cavity field in 3D during decompression allows more 

precise investigation about key issues like the relationships between microstructure and 

damage resistance, or the transition from cavitation to cracking activated during pressure 

cycles. 
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FIGURE CAPTIONS 
 

Figure 1: Pressure chamber for in-situ X-ray tomography of hydrogen exposure and 

decompression. 

 

Figure 2: 3D views of cavities expansion in unfilled EPDM saturated at 12 MPa and 

decompressed at 2.5 MPa/min (view of the Observed Volume).  

 

Figure 3: Repeatability of the (a) number of cavities and (b) total volume of cavities during 

three decompression tests in unfilled EPDM (exposure pressure 12 MPa; decompression rate 

2.5 MPa/min) as detected from in-situ X-ray tomography. 

 

Figure 4: Time evolution of the voided volume ratio obtained by in-situ X-ray tomography 

and projection through the thickness, for comparison purpose with the voided surface ratio 

obtained from 2D optical methods (* from [17]). 

 

Figure 5: Mapping of the volume of all cavities as a function of their location through the 

thickness of the Observed Volume, at different times after the beginning of decompression. 

 

Figure 6: a) view of the cavity field 3000s after the beginning of decompression and focus on 

the shape of one single cavity (red square) in planes (b) XY, (c) XZ) and (d) YZ.  

 

Figure 7: Time evolution of the average anisotropy ratio of cavities. 

Figure 8: Evolution of the distribution of anisotropy ratio at different times after the 

beginning of decompression (same data set as used for the average calculation in Figure 7). 

Figure 9: Time evolution of the correlation distances extracted from covariograms along the 

two principal axes in the sample plane (X and Y) and along the thickness direction (Z) during 

and after decompression. 
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HIGHLIGHTS 

Time-resolved 3D views of decompression failure in rubbers are reported for the first time. 

An EPDM, exposed to high-pressure hydrogen, was tracked by in-situ computed tomography. 

Novel and quantitative data were provided about the out-of-plane morphology and volume 

distribution of cavities.  

Some bias, induced by 2D projection in the former visible light transmission methods, were 

discussed.  

The experiment opens new routes for a better understanding and accurate quantification of 

decompression failure. 
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