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Abstract

Decompression failure in high-pressure gas expaodaaers has almost only been studied at a
global scale so far. In the present study in hydmgxposed EPDM, the growth kinetics of
cavities was visualized and quantified for thetfirse at the cavity scale using 3D in-situ X-
ray micro-tomography with an emphasis on interactatfects and boundary conditions. The
volume evolution of cavities was processed andrtfi@tion rate and maximum volume were
calculated. The boundary conditions of selectedtieswas analysed in terms of distance to
the free surface as well as distance to otherieaviProximity to the free surface was found to
be a driving force for evolution of cavities up docertain value beyond which the growth
kinetics are more driven by other factors suchimas bdf nucleation. No clear interaction effect
was pointed out between cavities with the curreatial resolution.

Keywords: decompression failure; blistering; clusters; selary cavities; edge effect

1. Introduction

Exposure of rubber materials to diffusive gasdsgtt pressure and subsequent decompression
leads to cavitation and cracking [1]. In the pdgg phenomenon has been studied for different
gas polymer systems, mainly in rubber and to alesstent in thermoplastics [2-15]. Recently,
the renewed interest in hydrogen as an alternatezgy carrier in the last decade has made
studies around it more pertinent, decompressidaré&included. The application of rubber
materials in the Fuel Cell Vehicles (FCVs) and treguipment used in the storage and
transportation of hydrogen makes it important tmgtthe compatibility of these materials with
hydrogen specifically at high pressures, since bgeln is kept at high pressures of up to 70MPa
to improve its volume energy efficiency as a fu-fL7].

The experimental studies on decompression failuedastomers are few and often focused on
gualitative analysis after the decompression haghdly taken place. This is due to the complex
experimental techniques that are required to acttesgphenomenon in-situ. Besides, the
properties of hydrogen and the safety measuresiassg with it lead to even more limitations
in conducting experiments at the high pressure.rQke last decade, X-ray computed
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tomography technique has become very prominentracking defects and providing
information on the microstructure of materials.chse of cavitation, this is especially useful,
as in addition to the quantitative data measurespentllows visualization of the damage,
providing much needed data about the spatial digion of the cavities in the material.
Focusing on hydrogen rubber systems, several sthdiee been conducted to track the damage
in these systems [18-24]. The approaches of uratetstg the cavitation phenomenon could
be either at the cavity field scale with severapesimental works as well as numerical
modelling in literature, or at the cavity scale,igthhas singularly been done via numerical
modelling so far. Regarding experimental workdatdcale of cavity fields, the work of Jaravel
et al [21] should be noted for studying the decaagion failure in silicone rubber to analyse
the effects of different factors like saturatiomrgsure and decompression rate on the onset of
damage. They found that both factors contributeth&éoonset of cavitation; while a faster
decompression rate lead to a faster onset of eayii contrary trend was observed in case of
saturation pressure where higher saturation pre$sad to slower onset of cavities. Due to the
very small size of individual cavities, no statialianalysis of the cavity field could be extracted
in this rubber. This was addressed in the work diyn€ane Diallo et al. [25] who analysed the
statistics of the evolution of cavities and theeefté of decompression conditions on it, in
Ethylene Propylene Diene Monomer (EPDM) flat sarmpldney applied a covariogram method
to 2D views of cavity fields obtained by visiblgghit transmission. The work provided
guantitative statistical data of cavity fields adidcussed the features of a Morphological
Representative Volume Element (MRVE) which furtgerded the Finite Element modeling
of cavitation.

In numerical approach towards cavitation, someistuid literature postulated existing defects
in the material [26-27], modelling the growth ofstldefect as hyperplastic hollow sphere
problem[28]. Improvements in this approach incltaking onto account the shear stresses to
predict the onset of cavitation [29-30], addressheginfluence of rubber constitutive law [31-
35]and taking into account the parameter of surfacsion [33-34]. These studies were focused
on predicting a critical mechanical load for theseinof cavitation and did not take into account
the coupled diffuso-mechanical loading that elagi@nundergo during the real conditions of
gas exposure. In this framework, in a more rectrtys Jaravel et al [36] also developed a
model with a hollow sphere inside hyper-elastiompressible material to simulate the cavity
growth scenario. They solved the problem in a cedijtamework taking into account the
sorption parameters as well as the elastic modofusibber. Consequently, they took into
account the internal pressure of cavity, hydrogertent inside the cavity as well of the rubber
matrix. This approach addressed the cavitation @inemon at the cavity scale. However, due
to the lack of experimental data at this scale el @ many assumptions, the results could be
tentative at best even when providing an importstep in understanding the cavitation
phenomenon. In addition, the problem was solved D framework (along a radius), i.e. a
pure hydrostatic framework. The proximity of anatbavity could not be simulated.

The studies so far discussed were done using eididgpht transmission, which had strong
limitation in terms of sample transparency andkhéss, due to the bias introduced due to 2D
rendering of a 3D damage field and overlappingassihese constraints also limited the
experimental quantification of the local cavity &iits which was essential as a complement to
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the numerical modelling to provide a robust underding of the phenomenon as well as insight
into the local interaction of cavities which so faas not been addressed in literature. Recent
developments of time resolved 3D techniques faitntracking of decompression failure have
allowed for better quantification of characteristaf cavitation. For example, in a recent study
by Euchler et al, X-ray microtomography was usedddress onset and growth of cavities in
unfilled SBR subjected to tensile deformation [3Z&stagnet et al. used this technique to study
the decompression failure mechanism optimising rbgults previously obtained by 2D
methods. They were able to better characterissiigeand shape of an MRVE for the cavity
field using covariogram analysis which was caledato be much lesser than was computed
by the 2D imaging [38]. This 3D characterisationtio¢ cavity field allows more accurate
estimations of damage evolution particularly inrierof efficient quantification of distances
between cavities as well as their shape which givestter idea of spatial distribution of cavities
in the sample, and a possible anisotropic natutbetavity itself. This robust quantification
is important mainly to address the gaps in liteain terms of investigating local kinetics of
cavities which is an essential step in verifying tbcal interactions of cavities and enrich the
discussion on the complex processes that driventickeation, growth of cavities due to gas
decompression. The complexity of the phenomenaraeitation is related but not limited to
its morphology and its relationship to cracking. Asight into this has been provided by
various studies addressing the evolution of cdeitdh rubber subjected to cyclic gas exposure
and subsequent depressurisation [24,38].

Recently, Ono et al [40] investigated the damag#uton in EPDM subjected to successive
cycles of high pressure hydrogen and decompreassorg in situ optical tracking. They
observed that all the cavities appearing duringptessure release of the first cycle did not
necessarily appear in the subsequent cycles letmlgngimportant conclusion that the damage
due to cavitation was not a cumulative processs®izing the experimental studies to be done
efficiently at a cavity scale.

This study uses the 3D in-situ micro-tomography Tu@ better understand the local
phenomenon of cavitation like growth kinetics wegmphasis on boundary conditions and
interaction effects using the image analysis tdhls investigation could very well be the first
step in providing much needed quantitative dataavfitation at a local scale to answer the
guestions of the processes that govern this phemom&hich have been raised in the previous
studies [25, 40] but not investigated so far. Haper first provides the main characteristics of
the tomography experiment; more details can bedaarthe earlier publication [38], which
has been dedicated to this technique itself. Tliemredhe inflation characteristics of isolated
cavities are discussed (especially as a functiothef distance to the free surface) before
comparing them with the inflation characteristiélose cavities and discriminate a possible
interaction effect. The correlation between glotkesorption and the life of cavities is finally
addressed using numerical simulations.

2. Experimental details
2.1. Samples

Experiments were performed on unfilled, peroxiageédid EPDM provided by Hydrogenius
laboratory at Kyushu University, Japan. Differemometries of the samples (illustrated in
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Figure 1) were chosen to ensure a practically Bigitsaturation time and to capture the damage
in as much a representative way as possible agltial scale. Samples with dimensions of
5x5x4 mm and 20x20x2 were cut from 15x15 cm congiwasmolded sheets of 4 mm and
2mm thickness respectively. These samples are foeticeeferred to in the paper as Type-1
and Type-3 samples respectively. All samples wakert from the centre of the sheets to
eliminate any inhomogeneity at the edge due to fiaa@twring processes. Additionally, 8 and
6 mm cubic samples, referred to as Type-2 samplee cut from cylindrical samples of 29
mm height and 13 mm diameter to provide a relagimebre representative sample for a global
damage field observation with isotropic boundarnditons. Samples of two crosslink
densities were tested, the details of which atedis the Table 1.

Thickness =4 mm Thickness = 2 mm

Dia =29 mm

Wy

Smm

Figure1l: Schematic of samples: Type-1 (5% 5x 4 samples #fonm thick flat sheets), Type-2 (cubic samples of
8 mm and 6 mm edge cut from 29 mm diameter cylisidemnd Type-3 (rectangular samples of 20 x 20 x2aum
from 2 mm thick flat sheets).

EPDM 0.5 | EPDM 1.6
crude rubber (ESPRENE 505) (phr) 100 100
Dicumyl Peroxide (crosslinking agent) (phr) 0.5 1.6
stearic acid (crosslinking accelerator) (phr) 0.5 0.5
crosslink density (mol/cm3) 4.21E-05 2.81E-04
diffusion coefficient of hydrogen (mm2/sec) 1.49E-04 1.89E-04

Table 1: Composition and properties of EDPM samples. Tieestink density was measured by swelling
method and the diffusion coefficient was measunethbrmal desorption analysis (TDA) [41]

2.2. Decompression conditions

Tests were carried out at two different decompogssonditions:

(i) At a saturation pressure (P of 8 MPa with a pressure release ratedf 1.6 MPa/min:
samples of different cross-link densities wereg@sh the conditions to evaluate the effect of
crosslinking of the size of cavities at a locallscdhe tests were carried out in two separate
experimental campaigns during which 18 samples tested.

(i) At saturation pressure of 12 MPa with a presselease rate of 2.5 MPa/min: EPDM 1.6
samples of different geometries were tested inettoemditions to evaluate the geometrical
contribution to the kinetics and/or the morphologfy cavities. These conditions were an
extension of the tests carried out in previousiegidn EPDM [25].
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2.3.In-situ tomography set up

The in situ X-ray tomography was done using andtiim tomograph from RX Solutions®.
The tomograph was fitted with the cylindrical pragschamber [38], which was filled with
hydrogen up to a pressure of 12 or 8 MPa and keuah till saturation and subsequently
decompressed remotely. The saturation time of sachple was calculated using Crank's
equation for 1D diffusion through an infinite pladé thickness exposed to a constant gas
content on each of the faces, while considering difeusion to be Fickian [42, 43].
Consequently, the saturation times were overestidnad the diffusion from the lateral surfaces
of the samples was not taken into account.

As already mentioned, more details of the uCT desitd its working can be found elsewhere
[38]. For the present study, the device was conéiddor the following acquisition parameters:
Two hundreds projections taken over one hundredrgkccorresponding to a complete 360°
rotation. The acquisition was done for 3600 secatating at the beginning of decompression.
The edge of the voxel measured was 16um.

2.4. Data treatment

The images from the pCT were reconstructed usiagKifCT® software developed by RX
solutions which is based on the filtered back prtopam algorithm. Various parameters like spot
correction, ring artefact correction, contrast digation and offsetting of the image to account
for the source displacement were carefully seleatvadiually, adaptable to the raw images
collected, to optimise the reconstruction for fertpost processing. The image processing was
done using the Fiji plug-in of ImageJ® software s&en Figure 2 (a); various steps are
illustrated in Figure 2. A dedicated macro for segtation was defined for each sample after
carefully calibrating the steps for optimum results seen in Figure 2 (b), prior to segmentation
the images were cropped, to eliminate the noiseumndable data generated from an uneven
surface. In the present study, the auto-threshglfiliers of Huang, Intermodes or Isodata were
used depending on the raw image. Various stepsoiskerremoval were then applied; the
resulting binarised image can be seen in Figu®.ZHgure 2 (d) shows the 3D visual of the
complete cavitation field of the same binarisedgmarhe 3D image was generated using the
inbuilt 3D viewer function of Fiji.

gl . Distance to the
1 freesurface

(a) (b) (€) (d)
Figure 2: Steps of data processing illustrating (a) themstructed image used for calculation of distanctné
free surface from the centre of the cavity (b) piag the image to remove the uneven surface (Qrisiation (d)
3D view of the global cavitation field.
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After image processing, a Matlab® code was usedetwerate ‘vtk’ format files for every
sample as well as for labelling the cavities. Taleelling ensured that the cavities could be
tracked over time using the Paraview® software etay errors in the labelling process due
to noise and other artefacts were eliminated.

Several parameters of the chosen cavities werallagdcd using 3D manager plugin of Fiji
software: location, size, and distance betweentieawvhen distinguishable with the current
space resolution. The location refers to the cesftneass of the cavities. The volume of cavities
was calculated at each time step by the methodwhting voxels to minimise the over or
underestimation introduced due to fitting with dhpse. However, this method introduces
certain artefacts when the size of the cavity ry eenall due to pixelisation.

Since the acquisition time for tomography was 1f@@ne reconstruction and therefore one
volume estimation, the mid-point of the time steg been considered to plot the time evolution
of morphological parameters.

As the image was cropped during the image procgdsieliminate the noise generated from
an uneven surface, the distance from the free sxfas calculated taking the cropped voxels
into account for each cavity manually. Hence, tistadce from the free surface mentioned
henceforth in the paper was the actual distanae the free surface of the sample and not of
the cropped image, illustrated in Figure 2 (a).

2.5. Simulations of macroscopic gas desorption

As a complement to the tomography, Finite Elemé&itf) (simulations were carried out in
Abaqus® to provide information on the diffusion cheteristics of a homogenous unexposed
sample at the macroscopic scale and to discuss gifme experimental trends. The simulation
was done for a sample of 5x5x4 mm for a pure didfuproblem. The aim was to quantify the
distribution of hydrogen content within the samgllealong and after decompression, in order
to discuss some of the observed phenomena.

The model consisted of the sample with the samessions as Type-1 sample, in a pure
diffusion condition that was simulated as a heatgfer problem which is analogous to mass
transfer if the value of density and specific hisadet as unity. The simulation was done for
EPDM 1.6 which has a diffusion coefficient of 1.89Enn¥/sec. The model simulated the
decompression stage of the hydrogen exposure,gtakia initial state of the sample at
equilibrium which was characterised by a predefifield of constant concentration of 8 MPa
through the sample. The application of boundarydd@ns involved putting the concentration
of the sample edges at zero mimicking the decorsimephase of the hydrogen exposure for
the conditions of B= 8 MPa and® = 1.6 MPa/min.

The sample was meshed with a standard linear reeedfér element of DC3D8 type. Prior to
actual simulations, the test for mesh sensitiviggwarried out for a regular mesh with different
mesh sizes of 0.2, 0.1 and 0.05mm and the meslofsizé was taken to be most optimum for
regular meshing.

3. Resultsand discussion

3.1.A terminology for cavity populations based on matphy
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Cavities were locally selected from a global damigd and separated in three categories to
evaluate the inflation characteristics and helpmpmrehensive analysis of interaction effects.
For image processing, the cavities were fittedd@sa box with side equal to the maximum
diameter attained by the cavity all along the indla / deflation process. In cases that the
cavities could be contained in the box without amsusion by other cavities, they were termed
as “isolated cavities”, marked by yellow box titled in Figure 3 (a). The cavities that could
not be contained in a single box without intrusfoom other cavities during the whole
evolution, but with a possible segmentation of themre termed as “close cavities” marked
by yellow box titled ‘b’ in figure 3 (a). Networksf very close cavities that were not visually
distinguishable due to the limited resolution cf tomograph and could not be quantitatively
analysed individually by the image processing safevwere called “clusters”, marked by
yellow box titled ‘c’ in Figure 3 (a).
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Figure 3: (a) lllustration of different cavity morphologi@s Type-1 sample of EPDM 1.6 (b) volume expansion
of selected isolated cavities of Type-1 samplePDE! 0.5 saturated with hydrogen at 8 MPa and decessed

at 1.6 MPa/min. here, the curve with lined datanfsohas been fitted to calculate the rate of iigffatThis fitting
was done for curves corresponding to all cavitiesalculate their rate of inflation.

As mentioned above, the time evolution of size massured for each of the selected cavities.
It was plotted in voxels, keeping in mind that aelwas 16 = 4096 um The rate of inflation

of each cavity was calculated by linearly fittingetfirst part of the curve. It is exemplified in
Figure 3 (b) which shows the evolution of seleatadities of Type-1 sample of EPDM 0.5. In
this figure, the curve with black lined data poih&s been linearly fitted in the expansion stage
to exemplify the fitting process that was repedtedll the curves.

As already mentioned, artefacts introduced duexelipation are most prominent in smaller
volumes, making the first detected volume of thétgaather unreliable. This effect is further
intensified due to fast kinetics in the earliedkation stage, typical of cavities nucleated during
the earliest stage of decompression i.e., withib €conds after decompression. Due to this,
the first data point for first nucleating cavitias generally omitted during the linear fitting of
the curve to calculate the rate of inflation. Hoeevor the cavities nucleated later and detected
at sufficiently high value so as not be severefgaéd by image processing biases, the linear
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fitting included the first data point of calculatedlume. Smallest cavities with very few data
points (less or equal to 3) in the range of inflatvere excluded from this analysis.

3.2. Inflation characteristics of isolated cavities

Figure 4 shows the maximum volume:{d) attained by the isolated cavities versus thexdist
from the free surface for the Type-1 samples of MPD6 and EPDM 0.5 exposed to the
pressure conditions ot®= 8 MPa and® = 1.6 MPa/min.

For both samples, the cavities showed an incredeng in their maximum volumenydx with

the increase in their distance from the free serfathe cavities in EPDM 0.5 showed a rather
linear trend in Vhax with very few outliers corresponding to the caastthat were close to two
surfaces (star shaped markers), indicating an “edfiget”. The cavities closer to the free
surface were characterised by lowesay an effect which was intensified when the cavities
were closer to two free surfaces.
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Figure 4: Effect of distance from the free surface amof isolated cavities (exposure conditiong: P 8 MPa
andP = 1.6 MPa/min)

The same trend was observed in EPDM 1.6 too. Reaeite more scattered in EPDM 1.6, but
since data points are fewer for EPMD 0.5 for casitin the bulk, the difference could not be
interpreted. Cavities in EPDM 0.5 showed a largesxds compared to the more cross-linked
EPDM 1.6. However, the direct relationship of cawize and cross-link density would need
to be done in a more statistical way.

The “bubble graph” in Figure 5 shows the rate dfation of the same cavities as discussed
above, as function of distance from the free sexfate size of the bubble corresponds to the
maximum volume of the cavities. For scaling purptise size of a few of them (in voxel) was
reminded in the graphs. The cavities for sampleERDM 0.5 and 1.6 have been plotted in
different graphs for the purpose of clarity. Theeraf inflation showed a similar trend as the
maximum volume Max It sharply increased with the distance to the &arface for the cavities
close to the edge, and turned more random anceseadttat least in EPDM 1.6), indicating that
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the distance to the free surface was not a fidgmparameter for the cavities more towards the
bulk of the samples. Except the comment on scatiiéch could be related again to the fewer
data points in EPDM 0.5, these trends were simmldooth samples, indicating that the change
in crosslink density did not significantly affebittrends of the evolution of cavities at the local
scale, within the explored range of crosslink déesi The cavities in which the “edge effect”
was prominent have been termed as “edge cavitiegteas the cavities where this effect was
not significant were termed as “bulk cavities” etfollowing. This classification allowed for

a more comparative and step-by-step analysis ob@ps which in actuality occurs due to the
convoluted effect of several parameters, as destiibbthe subsequent sections.

310° cavities close

310° - [e) cavities with
to two edges

delayed nucleation

O

210°+
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1 105 = 1 105 ._ O
% ... ’ (0]
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Figure5: Effect of distance to the free surface on the ddtinflation and/,,,, of cavities from Type-1 sample
of (a) EPDM 0.5. (b) EPDM 1.6 {R= 8 MPa and® = 1.6 MPa/min). The circles with thick bordersrespond
to cavities with delayed nucleation. The maximurtumee of the cavity is proportional to the bubbleesi

In Figure 5 (b), the circles with thick borders remponded to the cavities with delayed
nucleation. In the literature, delayed nucleati@s been termed as “secondary” cavities and
referred to a cluster of satellite cavities surding the earlier nucleated ones (referred to as
primary cavities) [44]. However, in the presentdstulelayed cavities (termed as secondary
cavities) did nucleate later than the initial ofissmed as primary) (i.e. 350 to 500 seconds
after decompression instead of 150-300 secondstgte mpression for primary ones) but were
not seen to necessarily nucleate closer to thalirohes. Unlike the primary ones, all the
observed secondary cavities were located in thie bul

Secondary cavities showed slower kinetics thanptimary cavities appearing in the same
sample and exposed to the same decompressionioasdand were mostly detected when the
mechanical pressure on the sample exerted by g glae chamber was completely released.
Although it was difficult to pinpoint the time otualeation of a cavity in absolute terms, due to
space and time resolution of the tomography adgumsia contributing factor that could be
conceived for the slower kinetics could be thead#ht iso-conditions due to global desorption,
leading to different boundary conditions in ternisocal gas concentration. This question was
addressed with simulations of global desorption isndeetailed in the subsequent sections of
the article.

The nucleation of primary cavities was always randa all samples suggesting that the
nucleation of cavities is a local process. The sdaoy cavities were exclusively bulk cavities
since the gas content at the edge is quicker torbes
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Figure 6 compares the rate of inflation of isolatadities in EPDM 1.6 Type-1 samples in two
different pressure conditions. The blue dots cpoed to the former exposure conditionsa(P
= 8 MPa and = 1.6 MPa/min) while the yellow ones corresponthtre drastic decompression
conditions: Rx= 12 MPa and = 2.5 MPa/min.
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Figure 6: Effect of decompression conditions and samplergdny on the rate of inflation and maximum
volumeV,,., (proportional to the dot size) of all isolated iti@g in EPDM 1.6.

The cavities in samples subjected to more drastioghpression conditions had a faster growth
rate than the cavities under less intense decosipresonditions even as they occur at the
same distance from the free surface, as suggegttee lglobal vertical shift of data points in
Figure 6. The blue spheres at 500 micros from tee $urface as seen in the graph show a
growth rate of 10-30 voxels per min whereas théoyespheres show the growth rate of 25 to
70 voxels per min. It should be noted that the tewicorresponding to the more drastic
decompression conditions were picked up from sasnpligh different dimensions while
cavities corresponding to the blue dots have ahitaken from Type-1 samples. The yellow
dots with thick boundaries corresponded to cavitieBype-3 samples whereas the un-circled
ones corresponded to cavities taken from Type-lpkmnThe rate of inflation or maximum
volume showed no trend with respect to geomethasiata points overlapped in the graph,
suggesting that within this range the shape of#raple did not affect the growth kinetics of
the cavities at the local scale. The distance édide surface remained the dominant limiting
factor for the growth of edge cavities irrespectivehe geometry of the sample.

3.3. Inflation characteristics of close cavities

The characteristics of close cavities were analyakihg isolated cavities as a reference, in
order to discuss the possible interaction effetantroduced earlier, the close cavities referred
to cavities close enough that each of them coultb@@solated within a box during their growth,
but distant enough that they could be separateth ®ach other during the segmentation
process. Groups of close cavities were taken flemgtobal damage field of Type-1 and Type-
3 samples of EPDM 1.6.
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The kinetics of close cavities are discussed inféflewing section by considering specific
events of close cavities in the bulk or at the e@jece it was not always possible to address
the factors affecting the kinetics of cavitationg(ecloseness to edge, time of nucleation,
closeness to another cavity) in a rigid sequentiay, these aspects have sometimes been
addressed simultaneously in the following cases.
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Figure 7: Volume evolution of (a) selected “bulk” caviti¢®) all isolated bulk cavities taken from cavitglfi of
Type-1 EPDM 1.6 sample saturated with hydrogenMP@ and decompressed at 1.6 MPa/min

The first case is illustrated in Figure 7 (a) whghows the evolution of three cavities in bulk
(1200-1500 microns from the free surface ) in Typsample of EPDM 1.6 exposed at the
pressure conditions okd= 8 MPa and decompression rate of 1.6 MPa/min.|diger cavity
was termed as the primary cavity as it nucleatesd. fOne of the two secondary cavities (in
blue) nucleated closer to the primary cavity (7@noms between borders) while the other
secondary cavity (in red) nucleated farther frora grimary cavity (250 microns between
borders) but at the same time. The rate of inftaéiod maximal volume of these two secondary
cavities were almost the same even after havinfgrdiit boundary conditions. The lower
volume and rate of inflation was, therefore, atitdd to the delayed nucleation rather than
different local boundary conditions. Additionalthe evolution of the larger cavity remained
unaffected by the nucleation of another cavity eltsit. This could be supported by comparing
the kinetics of these cavities to those of isoldislk cavities as shown to Figure 7 (b). It was
clear that the primary cavity show as black cawityFigure 7 (a) showed similar volume
evolution as that of isolated cavities shown ingreph in Figure 7 (b) as black unfilled circles.
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On the other hand, the secondary cavities showeitbsikinetics as those of isolated cavities
with delayed nucleation shown in the graph of Fegtr(b) as red filled circles. This could be
further supported by looking at graphs in Figuf@)gand (b) that showed the volume evolution
of groups of close cavities taken from Type-3 sawnpf EPDM 1.6 consisting of 2 and 3
cavities respectively.
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Figure 8: Volume evolution of groups of cavities taken frdiype-3 samples of EPDM 1.6. The image to the
right shows the respective cavities numbered ieood appearance.

In the graph in Figure 8 (a), secondary cavity sta\a softer slope for inflation as well as
deflation which is characteristic of cavities wildelayed nucleation. The same trend was seen
second graph in Figure 8 (b) which shows the volewaution of a group of close cavities
consisting entirely of cavities with delayed nutiea (onset time about 500 s). The
characteristic graph for delayed cavities was sésm here for all three cavities. Again, volume
evolution of these close cavities could be comparéldose of isolated cavities as seen in Figure
7 (b). It should also be noted that the primaryityaithe first detected cavity) was always the
largest in size.
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Figure 9: Volume evolution of groups of cavities taken fréime cavity field of (a) Type-1 EPDM 1.6 sample.
(b) Type-3 EPDM 1.6 sample. The image to the rigl{b) shows the respective cavities which are nened in
order of appearance.

In the second case, we observed the kinetics skatavities close to the edge of the sample.
Figure 9 (a) shows the volume evolution of a péiclose cavities close to the free surface
(600-800 microns), as illustrated in the schemaéilected from the cavity field of Type-1
sample of EPDM 1.6 exposed to the same decompressiaditions as discussed above for
bulk cavities. These cavities showed very low maximvolume in comparison to some isolated
cavities picked up from the same samples and plottd=igure 7 (b). However, these close
cavities show a shorter “lifetime” as comparedhe bulk cavities. Since these close cavities
were close to the edge as well, the shorter liflegpald either be attributed to the “edge effect”
or to the proximity of another cavity. This coulé made clear by looking at the volume
evolution of close cavities taken from the cavisid of Type-3 EPDM 1.6 sample shown in
Figure 9 (b). As can be seen from the graph, contrathe normal trend, the primary cavity
did not inflate to be the largest cavity. This abble explained by the edge effect since the
primary cavity was closer to the free surface (bf6; it behaved as an edge cavity resulting
in lower volume in comparison with the secondaryitya The secondary cavity showed the
same trend of evolution as isolated cavities. kag to conclude that the proximity to the
cavities did not lead to the same boundary conutas the proximity to the free surface; indeed
the latter remains to be the first order paramaftexcting the kinetics of the growth of cavities.
Nevertheless, limitations of the resolution shobél highlighted here when considering the
minimum distance between close cavities.
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markers respectively. The cavities of group 1 amaig 2 have been shown in Figure 8. Group 3 has Sleewn
in Figure 9 (b)

Figure 10 shows the evolution of distances betwierentres of mass and borders of primary
and secondary cavities of three groups of closdéieav

The distance between the centres of mass of theapyiand the secondary cavities, which is
denoted in the upper half of the graph, was needovib 18-20 pixels while the minimum
distance between the borders of the cavities, isetire lower part of the graph was 2 pixels.
As seen in this Figure, the core to core distarid@ecavities increased and then decreased.
This initial increase could be as a result of iaseein the bulk volume of the sample after the
pressure release. In the later part, the decreabe icore to core distance was consistent with
the global decrease in volume of the sample dukesorption. The border to border distance
decreased sharply at first and then remained aongtavas highly probable that the decrease
of the distance between the cavity borders dunfigtion was not quantifiable with the current
resolution. However, the increase in the bordebaoder distance was visible during the
deflation stage as seen in the graph. The minimistartte between the cavity walls of two
very close cavities could be found much less thaawalue with higher resolution experiments
carried out in synchrotron facilities. Looking dtet core to core distance, we are able to
postulate the upper limit for the distance betweenities to form a group and thus be
distinguished from the so called isolated caviéie290 to 320 um. Again, a minimum distance
between the cores of the cavities could not begasdi owing to the limitation of the image
processing software in discretizing the very cloaeities; indeed, it was possible that some
cavities nucleate closer to each other than the mwestigated here.
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(b)
Figure 11: Selected groups of close cavities from Type-1arof EPDM 1.6 saturated at 8 MPa and
decompressed at 1.6 MPa/min consisting of (a) taeb(h) three close cavities.

The major effect manifested due to closeness dfieawas that of anisotropy. In close cavities,
the anisotropy was topological. When the closetes/became larger and very close to each
other, they were seen to crowd the shape of theestaavity as illustrated in Figure 11, which
shows a group of cavities taken from Type-1 sarnpEPDM 1.6. Figure 11 (a) shows the 3D
view of the group of close cavities seen in Figdif@) discussed in the earlier section. Cavities
retained their spherical morphology in the areasrelthey were not crowded by the proximity
of another cavity while becoming flat where the hdaries of the cavities were very close. This
topological effect was more pronounced when thé&ygaxas sandwiched between two cavities
as is seen in Figure 11 (b) which shows anothexgyod cavities taken from the same sample.
This topological anisotropy was more pronouncetheasmaller cavity, which in most cases
was the secondary cavity, while the primary cabigyng the larger one retained its shape to a
larger degree.

3.4.Role of the macroscopic desorption on the “eeffiect” and delayed nucleation

From the calculation of the hydrogen content disttion in the sample all along decompression
and after it, this section aimed to highlight soofiche above results about free surface effect
on the growth kinetics and maximum volume of isediatavities. Indeed, this global desorption
analysis did not account for some local gas corfieftt re-organisations which could arise
from interacting close cavities.

Figure 12 (a) shows the map of the gas concentrdigxtd in Type-1 sample of EPDM 1.6
which was computed using FE simulations. The cumesSigure 12 (b) show the temporal
evolution of hydrogen gas partial pressure (MPajclwhwas directly linked to the gas
concentration through Henry's law [45], along thahpplotted in white in Figure 12 (a). The
dotted line in Figure 12 (b) corresponds to thel@ian of hydrogen concentration at the free
surface of the sample, i.e. the applied pressurg rduring decompression. Thereafter, the
series of curves shows the evolution of hydrogercentration at different depth points along
the path at the interval of 100 microns up to tbete of the specimen plotted as a solid red
line.
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As can be seen, a gradient appeared on the extmriate of the sample at the beginning of
the decompression which traveled through the bifilkhe sample rapidly at first and then
gradually, as the gas desorbed. The concentragoredsed very sharply at the edge of the

sample whereas the centre of it remained satulanegr time with a less sharp concentration
decrease.
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Figure12: Correlation of macroscopic desorption with theekics of isolated cavities (a) Hydrogen conceitnat
of Type-1 geometry at 1000 secs after decompres3ioa white line shows the path for which the csroé
concentration gradient are plotted in (b). (c) Pittime at/,,,, of isolated cavities taken from Type-1 sample of

EPDM 1.6. The bubbles with thick borders corresptinthe cavities with delayed nucleation. All théseages
were obtained from FE simulations.

The curves of global desorption shown in Figurgld)2were considered simultaneously with
the graph shown in Figure 12 (c) which plots theetat which the isolated cavities have attained
the maximum volume along their distance to the sadace. The size of the bubbles is
representative of the relative maximum size ofdaeties which are illustrated with stars in
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the Figure 12 (b). In Figure 12 (b), three setsadities were shown: the smallest ones close to
the free surface (grey bubbles in figure a) wemnshas grey stars, whereas the bulk ones (blue
bubbles in Figure 12 (c)) were represented by bésais except three of them, delayed, shown
as unfilled stars in Figure 12 (c) and circled dabbn Figure 12 (c).

A boundary layer with no detected cavities was pleskfollowing the sharp decrease of the
gas content at the edge of the sample, which hasqusly been seen in some studies [21].
Indeed, at the first detected stages (150-200 sis3pourves corresponding to distances to the
edge up to 300um already exhibited a significapad®re from saturation. The nucleation and
growth of cavities with a maximum volume smalleattithe resolution could have occurred
within this boundary layer but was not detectednftbe pCT images.

The small edge cavities (grey series) appearetattd 50-200 seconds after decompression,
a little bit deeper into the sample. Their maximunlume was reached at times between 350
and 550 seconds, whereas the deflation of moshefulk cavities started from 600-700
seconds.

The main new observation provided by Figure 12 tlhasthe maximum volume was observed
for local partial pressures between 6 and 8 MPau@#on) for the three types of cavities. A
correlation with macroscopic desorption was thusleawed. This partial pressure range was
consistent also with the fact that some bulk casitivhich did not deflate completely at the end
of the tomography scan; the partial pressure caledlin the core of the sample after 3500
seconds was still above 6 MPa. This limiting papi@ssure was more a range than a single
critical value, probably due to other influencettas at the local scale, e.g. local heterogeneities
of the rubber network and fluctuating maximal exibility of the rubber at the cavity wall.

As mentioned in the earlier sections, the firstedeon of delayed cavities was at 350-500
seconds after decompression, exclusively in thie diuthe sample. At this time step, the curves
corresponding to short distances to the edge Heaa@dy dropped from saturation significantly,
while curves referring to the bulk were still cldsesaturation. Hence, it could be said that the
nucleation and growth of cavities was a local pssce

As explained in the previous sections, edge cavitiere seen to show a faster deflation and a
shorter lifespan. This difference could be coresatvith the different desorption rates
following the maximum volume point (star mark) idge and bulk curves. Dipping in the
former curves was more important than observetiendtter ones. It could be concluded that
the deflation rate of cavities could be correlatgth the rapidity at which gradients evolved.
Global desorption could be a driving force deteiimgmot only the maximum volume but also
the full lifetime of isolated cavity.

To sum up, the nucleation and growth of cavitigsesped as a local process while the deflation
kinetics was highly influenced by macroscopic dpson. This was supported by looking at
the global cavity field of the largest tested saanlype-2) of EPDM 1.6 exposed to pressure
conditions of Rx= 12 MPa andP = 2.5 MPa/min. Figure 13 (a) shows the initiagstavhere
nucleation of cavities was seen to occur randommigughout the sample. Figure 13 (b) shows
the maximum volume stage of the cavity field arglir¢ 13 (c) shows the deflation stage where
it could be evidenced that the deflation occurrednare of a global phenomenon giving the
impression of a convex hull collapsing on itselfahn, it could be concluded that the deflation
of the cavities was correlated with the decreagh@igas concentration in the sample as well
as the rapidity at which this gradient evolved withe indicating that the global desorption
was a major driving force determining the life loé tcavity.
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(a) (b) (c)
Figure 13: Global damage field of Type-2 sample of EPDM 1.pa@sed to R«= 12 MPa and decompressed at
2.5 MPa/min at (a) early growth stage (b) maximwamelge stage (c) deflation stage

4, Conclusions

This work aimed at better understanding of decosgioa failure mechanisms in hydrogen-

exposed rubbers under pressure, in a context ¢fiyhignited experimental access to the

different physical fields. The objective was toadisiinate more precisely various factors
affecting growth kinetics of cavities at a locahkcand to clarify interaction between cavities
through comparative characterisation of isolatedl @dnse ones. This was done y conducting
original in-situ X-ray tomography experiments in[E#A with different cross-link densities and
different sample geometries, and under two diffepeassure conditions. The data from these
experiments was analysed using image processing.

Since we were limited by the resolution of the $pakither the very earliest stages of nucleation

nor the very small distances between cavity edgee vaccessible for robust quantitative

analysis. Within the present framework of mateaiadl experimental constraints, the following
new conclusions were provided.

» By analysing the graphs for rate of inflation ahd maximum volume attained by isolated
cavities (in EPDM 1.6 as well as EPDM 0.5), twosseft cavities could be distinguished
based on their growth kinetics. These cavities wermed as edge cavities and bulk
cavities, a terminology that was based on the dirder parameters governing their growth.
The growth of edge cavities was strongly limitedrayto the proximity to the free surface
whereas the growth kinetics of bulk cavities wer@endetermined by other factors such
as time of nucleation or local boundary conditions.

* The interaction effects between close cavitiesi\witrders at a minimum distance of 32
microns here due to the spatial resolution) wasvehio be rather trivial. The kinetics of
close cavities mimicked those of isolated onesh wther factors like distance to the free
surface and time of nucleation being the first onplgrameters that drive the kinetics of
inflation. The proximity to other cavities remaimas second order parameter mainly
affecting the topological isotropy of the cavitr@sher than growth kinetics.

* The classification of edge and bulk cavities waspsuted by the simulations carried out
to see the temporal evolution of gradients of catregion along the sample geometry.
There was good agreement between the experimestats and the diffusion simulation
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that pointed to this edge effect (smaller maximumtumne, faster deflation rate, shorter
lifespan) being directly related to the macroscagais desorption.

* More generally, nucleation and growth appearedeal Iprocesses while deflation was
more related to macroscopic desorption. This ifigh interest for future definition of
modeling strategies for sealing components.
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