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Abstract

This paper focuses on an experimental study of the explosive decompression on
representative samples of the hyperbaric type IV hydrogen storage vessels. The adhesion of
the composite to the liner is achieved by different adhesives. The bond behavior of liner-to-
composite bonded joint considerably depends on the properties of adhesives, as well as the
assembly process. X-ray tomography allows determining the damages before and after
explosive decompression tests. Tomographic observations have revealed a certain level of
porosity due to the assembly process with plasma treatment. This porosity influences the
damage mechanisms induced by explosive decompression. Results show that 1) the increasing
of the maximum hydrogen pressure (differential pressure induced during the depressurization
step between the liner/adhesive interface or the adhesive/composite) increases the risk of liner
collapse for the same gas exposure conditions, 2) Compared with soft adhesive, the stiff
adhesive has proven better adhesion between the composite and the liner, 3) the flame
treatment improved the surface energy of the PA6 and subsequently increased the collapse
limit pressure, 4) adhesive RCA-20 with plasma preparation can be defined as a kind of low
strength to collapse adhesive with a collapse limit pressure less than 2 MPa, 5)adhesive RCA-
2000 with flame treatment can be defined as a kind of high strength to collapse adhesive in

the present report with a collapse limit pressure between 15 MPa and 17.5 MPa.
Keywords: Liner collapse, Hydrogen, Explosive decompression, adhesives

1 Introduction

Hydrogen gas, owing to the advantages of renewability and producing harmless by products,
has gained sufficient attention as a source of eco-friendly energy [1]. To get a good economy

of hydrogen, three main points to consider: the production of hydrogen, the storage of
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hydrogen and the further development of the hydrogen fuel cells [2]. Fuel cell vehicles
(FCVs) have developed rapidly in recent years from both technological and business
perspectives[3], because of the cleanliness and wide availability of hydrogen and the high
energy efficiency of FCVs [4-6]. In this context, the onboard hydrogen storage methods for
FCVs and the hydrogen storage in general plays a crucial role. There are different ways to
store hydrogen, such as liquid (cryogenic) storage tanks [7], polymer and composite foams
[8], metal hydrides [9], gaseous high-pressure storage vessels [10]. Some companies have
developed composite-type high-pressure vessels made of an aluminum or plastic liner to limit
the leak, reinforced with the carbon fiber layer outside of the liner to support the pressure. The
last generation of these vessels, known as type IV, which consists of a polymer liner is
commonly used for hydrogen storage. Composite high-pressure tanks are now a mature way

of storing hydrogen it is used by automotive company and gas producers.

To satisfy the industry’s specifications such as volumetric hydrogen density, the internal
pressure can reach in service a pressure equal to 70 MPa. The level of pressure imposes
necessarily to use the carbon fiber layer outside. Many researchers [11-14] studied simulation
and burst experiments on 70 MPa type IV hydrogen storage vessels and show the capabilities
of carbon fiber solution. In articles [15-19] authors have studied the damage behavior of

hydrogen storage vessel composites to ensure safety.

As far as the liner is concerned, different solutions are proposed depending on the service
conditions (temperature, tolerated leakage rate) but also on the process used to manufacture
the tank. Polyamide PA6 due to its strong molecular polarity and hydrogen bond interaction
limiting the permeability has gradually become the potential choice for type IV hydrogen
storage tank in contrast to other polymers and the high permeability of polyethylene [20-23].

However, feedback from experience in the use of these vessels reveals several problems. A
crack between liner and composite can appear during in-service life. For example, Yersak et
al. [24] studied the blistering of liners in a type IV tank for hydrogen storage to keep the liner
safe. Pepin et al. [20] and Blanc-Vannet et al. [21] studied the liner collapse phenomenon.
This collapse phenomenon demonstrated experimentally during rapid emptying of tanks,
consists of a detachment and a significant deformation of the liner [27]. More precisely when
the pressure suddenly drops the dissolved gases in the materials (liner composite glue)
generate a crack at the composite-liner interface that eventually propagates. The onset of
crack could be the consequence of the coalescence of small bubbles, but it is just an

assumption because this one has never been proved.



Pepin et al. [28] studied specifically the liner-composite collapse due to the phase of
decompression on thermoplastic plates. The samples used by Pepin et al. [28] are prepared by
thermo-compression of a stack of one composite layer and a polymer liner layer. The pressure
and temperature applied during the curing cycle allow bonding between composite and liner.
To achieve this, the liner and composite are joined by an adhesive applied just before the
winding operation, which is intended to allow the molecular chains of the liner to bond with
the thermosetting resin of the composite. An open question that has not been addressed in the
literature concerns the correlation between the performance of the adhesive and the resistance
to explosive decompression. This is the subject of this article. The study focuses on a high-
pressure type IV (hydrogen) tank consisting of an inner shell called a polymer liner on which
the carbon fibers impregnated with a thermosetting resin are wound. But, due to the important
cost of type IV vessels and the difficulty to work at high hydrogen pressure, the experimental
study will be realized as in Pepin’s work [20, 23], on a representative sample composed of an
assembly of thermoplastic polymer and composite plates bonded together by different

adhesive formulation and surface preparation.

In the context of a massive deployment of hydrogen tanks, it is essential to ensure the best
sustainability of all systems that constitute the energy chain and to evaluate new concepts.
More precisely, the present paper aims to quantify the resistance of the assembly to fast
decompression as a function of the different glue formulations having different physical and
mechanical properties. The increase of the property of adhesive and the liner-composite
assembly performances purpose is to delay the collapse phenomenon during explosive
decompression. However, the samples tested are plates square made by a layer of liner and
composite materials assembled with different glues. The assemblies have been obtained by
compression. These explosive decompression experiments were performed, at the same
temperature and emptying rate but at different maximum hydrogen pressure, thanks to a

tensile testing machine equipped with a high-pressure chamber.

A complementary study with X-rays allows determining the defect of the assemblage and the
damages suffered by the sample during the decompression step. X-ray tomography images
will be subject to segmentation and image processing procedures developed to quantify the

damaged surface.



2 Materials and experimental procedures

Due to the important cost of tests performed on hyperbaric type IV hydrogen storage vessels,
an experimental design based on a representative sample is used to reproduce the debonding
and deformation of the inner liner of hyperbaric hydrogen storage vessels during the
decompression step. The materials used in this study have been supplied as they are

equivalent to the ones used in industrial applications.

2.1 Materials

The assemblies are composed of a 2 mm-thick composite material layer on which is fixed by
an adhesive a 2 mm-thick molded sheet of polymer liner. The PA6 liner material used in this
work was PA6 raw material produced by ROCHLING SE and Co. KG. PA6 is bonded, using
an adhesive, to carbon fiber reinforced polymer (CFRP) composites plates, produced by
Hexcel. The material property of CFRP is listed in Table 1. PA6 is characterized by
Differential Scanning Calorimetry (DSC) under nitrogen atmosphere at 10 °C.min™! and
displays a glass transition temperature at 40.4 °C, which is in agreement with the literature

[29]. Samples are square of 60x60 mm of these 4 mm-thick multi-layered materials.

PAG liner
Young’s modulus E (MPa) Poisson ‘s coefficient V Yield stress Oy(MPa)
3200 0.4 80
Composite
Young modulus Poisson coefficients Shear modulus
Eii(MPa) Ex»(MPa) Es(MPa)  viz Vi3 vz Gp(MPa) Gis(MPa) Gy (MPa)
72000 72000 8000 0.36 0.38 0.8 4500 4500 2800
Adhesive
Target Young’s Traction tests DMA tests Glass
modulus (MPa) Young’s modulus B’ (ilze) @ transition
(MPa) 2°ce@ IHz temperature
Tg (°C)
RCA-20 10 8.5 11.72 -45
RCA-2000 2000 3471 2316 68




In the tank, the assembly between the liner and the composite is assured by an adhesive
deposited just before the winding operation. Here a glue layer is deposed on the surface and
the PAG6 plate is linked with the carbon epoxy plate by pressure. The glue is applied with a
brush spatula to the carbon epoxy plate surface, after that the PA6 plate is deposited and a
pressure is used to ensure a good assembly. The aim is to enable the molecular chains of the
liner to be bonded with the thermosetting resin of the composite. New formulations of
adhesives have been generated with different morphological specificities. More specifically,
two adhesives that exhibit different Young’s modulus (a 23 °C) have been used in the

stacking:

* Soft adhesive (RCA-20) with an expected Young’s module (E) of 10 MPa: this one
leads to a better homogeneity of stress in the joint, even with lower ultimate stress
before failure

o Stiff adhesive (RCA-2000) with an expected Young’s module 2000 MPa a value
lower than that of the E-modulus of PA6.

To characterize these adhesives, bulk adhesive specimens were manufactured (cure in a
mould) with the dimensions that the standard ISO 527-2 [30]. Five samples for each adhesive
were tested under tensile loading, at room temperature, and with a speed of testing of 1
mm/min. The properties of adhesives resulting from the dynamic mechanical analysis,
according to the standard practice ASTM E1640 on the DMA facility, METRAVIB DMA

100, and differential scanning calorimetry (DSC) tests are summarized in Table 1.

The measured Young’s modulus of RCA-20 and RCA-2000 were 8.5 MPa and 3471 MPa,
respectively. Concerning RCA-20 Young’s modulus of adhesives is reduced greatly to the
target value and higher of expected value for RCA-2000. The DMA modulus are slightly
different but give an evaluation of Young’s modulus at 65 °C (temperature of decompression

tests) 2 MPa for RCA 20 and 1599 MPa for RCA 2000.

2.2 Processing of the bonded samples

A large number of industrial fields use structural bonding for their applications today and this
technique depends on the bonding process (surface treatment, curing, pressure...) which is
specific to each industry. During the manufacture of the tanks, the thermoplastic liner is

covered with a chemical element that promotes the bonding with the thermosetting composite.



The samples used in this study are representative of the industrial structure. However, a

specific preparation protocol adapted to the adhesives is implemented.

There are three basic steps for proper PA6 surface preparation: degreasing, abrading, and
plasma or flaming treatment. Depending on the condition of the surface, abrasion cleaning,
solvent cleaning or both may be necessary. The degreaser used for PA6 is Isopropyl Alcohol.
For proper removal, abrasion cleaning (sandpaper P400) is required to obtain acceptable
adhesion. In this study, two recommended preparations have been selected to prepare the

samples (Table 2):

* Atmospheric plasma treatment: The use of plasma treatment to treat polymers has
been known for more than 20 years. Atmospheric plasma treatment works at
atmospheric pressure and with air, which is electrically conductive and consists of
excited atoms, ions, and free radicals. This allows polymer surfaces to be cleaned, or
chemically modified [31].

* Flame treatment: Surface treatment by gas flame is a simple, rapid, effective, and
economical method of improving the surfaces of a wide range of plastics. Among all
the influential factors, the thickness of the adhesive layer has an important effect on
the mechanical properties of the adhesive joint [32]. For that, calibration glass beads
were added in process 2. It should be noted that 1% in weight of glass beads,

concerning the mass of glue, doesn't change adhesion properties.

Process 1 Process 2
Composite surface preparation Peel-ply Peel-ply
Polymer surface preparation plasma treatment flame treatment
Glass beads in the adhesive 4] 150pum

The surface free energy, which plays a key role in the adhesion of two surfaces, can be

divided into the dispersion part ) and the polar part y” as presented in Equation (1).
y=y'+y’ )

The surface free energy of the samples with different surface treatments was calculated using
a Dataphysics OCA-30 contact angle analyzer (Figure 1). Three test liquids with known
surface tensions were used as the probe liquids for the contact angle measurement, including

distilled water, diltodomethane, and ethylene glycol.



Surface free energy and its components obtained experimentally are shown in Table 3. The
surface energy of PA6 influences adhesion onto the composite [33]. To improve the adhesion
force to substrates, it is common to use flame or plasma treatments that introduce polar groups

onto the surface [34]. The flame treatment increases slightly the polar surface energy of PA6.

y v y’

IPA degreasing 51.6 42.5 9.1
Plasma treatment 64 40.6 23.4
Flaming treatment 63.6 33.9 29.7

Figure 1: System of surface energy measurement

2.3 Experimental setup

Decompression tests were carried out in an Instron 8802 hydraulic tensile machine (Figure 2)
fitted with a pressure and temperature regulated chamber enabling mechanical testing in
gaseous hydrogen (Hz) up to 40 MPa. The first step aims at purging the ambient air from the
pressure cell. Three nitrogen purges were systematically performed up to 1 MPa after closing
the chamber.

This study is carried out at 65 °C, to reach faster the equilibrium state by increasing the
permeation rate of hydrogen, which increases with increasing temperature [35]. The
temperature increased rapidly during the pressure ramp and gradually returned to equilibrium,
aided by the circulation of water around the chamber and load cell. Once the sample is
thermally stable, the maximum Hb» pressure (Pmax) is applied inside the chamber at a constant
rate of 1 MPa/min. In fact, for H>, which is a slightly soluble gas, it was shown that the
permeability coefficient increases with temperature whereas it varies slightly when hydrogen
pressure rises [36]. A final time of 7 days was chosen to ensure a fully saturated sample. Once

fully saturated with Hydrogen, depending on the test conditions, samples are subjected to



rapid decompression of 5 MPa/min as illustrated in Figure 3. This decompression rate is
selected following a study carried out by Pepin et al. [25] which shows even while multiply

by 10 at this rate, the size or amplitude of the collapses do not increase.
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during a decompression test

The working pressures of the tanks are 35 MPa and can reach 70 MPa, as far as rapid
decompression is concerned, the occurrence of damage depends on: the pressure level and the
decompression speed. If the system used can only reach 35 MPa, the speed can be fast enough

to generate damage.

2.4 Microscopy and tomography observations

First, the samples are observed on their edge with an optical microscope to evaluate the
thickness and regularity of the adhesive layer. X-Ray tomography scans are performed to

evaluate the initial defect in the glue layer and at the interface liner/composite.

Secondly, to evaluate the collapsed area after decompression, both observation techniques are
considered, the optic which allows, thanks to the transparency of the liner, to assess the
collapsed area. However, this technique is restricted to 2D for that, X-Ray tomography

observations were made both before and after explosive decompression tests to estimate the



volume of defects. To identify the kind of adhesive joint failure after explosive

decompression, optical observations make it by focusing on the cross-section of the specimen.

2.4.1 Microscopic observations

The morphology and thickness distribution of the adhesive are determined by optical
microscopy on 15 mm long piece cut from the specimen is embedded in a potting resin. The
cross-sectional area was polished using sandpapers (P1000. P2000. P4000) and afterward
polished with a 1 um diamond suspension. This cross-section has been observed with the
Alicona 3D InfiniteFocus imaging microscope using 10x, 20x, and 50x magnification
objectives with vertical resolutions of 100, 50, and 20nm, respectively, and a lateral resolution

of 1.76, 0.88, and 0.46 um, respectively.

2.4.2 u-tomographic observations

X-ray Computed Tomography has become an increasingly popular technique owing to its
non-destructive and non-invasive technique used to investigate the microstructure of an object
based on the attenuation coefficient of the electromagnetic wave such as an X-ray [37]. The
micro-tomography scans of this study were obtained with the UltraTom CT scanner
manufactured by RX-Solutions [38]. The X-ray tomography imaging technique was used to
visualize the 3D architecture of the composite/adhesive/liner as well as the different defects
present in the virgin sample and after the test. To save time, four samples were observed with
a resolution of 28 um/voxel. A complete analysis, lasting 5 h, is made by acquiring a
considerable number (2000 in our case) of X-ray absorption radiographs of the same sample

under different viewing angles.

Image pre-processing is necessary to reduce the impact of image artifacts such as noise, image
blur, beam hardening, ring effects, and bright spots [39]. This is achieved by the application
of image filters like median, mean, non-local mean, and edge detecting filters that help

improve the quality of reconstructed raw images and prepare them for image segmentation.

2.4.3 X-Rayimages analysis - segmentation

Image segmentation is a key step in many applications in pattern recognition, computer
vision, and image understanding to allow further image content exploitation y efficiently [40].
The final architecture of the material and collapse were determined from the segmentation of

tested specimens. Segmentations are done with Avizo segmentation editor [41] that facilitates



operations on composite materials. Thus, image segmentation assigns voxels to one of the
groups: composite, liner, adhesive, or air (collapse). Cropping the data is useful to exclude the
outside of the specimen. A crop editor is provided for this purpose. Collapses are then
segmented by selecting all the pixels of the peak of the histogram that corresponds to the
collapse. Once the collapse was segmented, its volume percentage was calculated by dividing

the total volume of collapse by the total volume of the sample.

The accuracy of the segmentation output was assessed visually by comparing segmented

slices with the corresponding original images.

3 Results and discussion

This section begins with a report on the initial state of samples by focusing on the faults
linked to the assembly. To compare the different configurations, a study on the collapse limit
pressure was carried out. To understand the characteristics of adhesive joint failure, it is
necessary to study each of the failure modes. The final architecture of the samples with

collapses was determined from segmentation.

3.1 Initial state

Porosity is one of the typical defects found in bonded specimens, which could represent a

critical defect.
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Figure 2: Tomographic observations of porosity in the adhesive for plasma treatment
(RCA-2000) (a) XZ plane - (b) XY plane - (¢) XY plane

The tomography observations for plasma treatment (Figure 4.a and 4.b) show a high level of
porosity. This porosity was measured at the liner/composite interface. The porosity is
represented in the form of black circles with varied sizes in Figure 4. The surface percentage
of the porosity in the sample was measured by a computer-aided measurement technique:
implemented within FIJI-Image] [42]. Raw input images were preprocessed manually to
reduce background noise and enhance the apparent brightness. The next step of the Imagel
protocol, the thresholding technique employed to images to segment collapse (Figure 4.c).
Finally, the percentage value of collapse was calculated using the command Analyze >
Measure. The volume percentages of porosities at the interface are respectively equal to 3.8%

and 3.2% for adhesive RCA-20 and RCA-2000. The distribution is uniform and, often, the
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size is coherent with the glue thickness. It was generally reported that the strength of the

assembly decreases with the increasing porosity [43].

Figure 3 :Tomographic observations of glass beads in the adhesive for flame treatment

The tomography observations for the second process (flame treatment) (Figure 5) show the
glass beads used to calibrate the thickness of the glued joints. Glass beads are represented in
the form of white circles of 100-200 um diameter. Glass beads are systematically surrounded
by air bubbles which are represented by black spots and have indented the PA6 surface.
Consequently, they are not effective in assuring a good thickness calibration of the joint.
Despite the aspect of the few tomographic images showing some pores of relatively big
dimensions, the measurement of volume percentages shows that the global level of porosity is
negligible compared to plasma treatment. The distribution on the surface is not uniform, but

no clusters have been observed (Figure 6).

Comparing the two processes, differences in the thickness of the glue joint are noticeable. On
the other hand, the thicknesses are homogeneous, which is consistent with the tomography.
For the thickest glue joints, the pores have a diameter of the same order of magnitude as the
thickness. To quantify in the following, the effect of the thicknesses of the adhesive, the
measures gave for plasma treatment 3 mm and 3.2 mm for RCA-20 and RCA-2000
respectively, and for flame treatment, 0.07 and 0.04 mm for RCA-20 and RCA-2000

respectively.

| RCA-20 RCA-2000
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Plasma treatment

Flame treatment

11

@

Figure 6 : Microscopic observation of the edge of samples (mm)

The results of measurements show a difference in thicknesses between different samples. The
objective principle of the addition of the glass beads is to have a homogeneous thickness
between the samples. The tomography observations confirm this functionality. Because of the
effect of the mechanical behavior of the liner and CFRP, the glass beads did not succeed has

to obtain the desired objective.

3.2 Collapse limit pressure for different samples

Let us recall that all the tests are carried out at 65 °C on separate specimens. At 65 °C and for
an emptying rate of 5 MPa.min’!, tests, carried out on plates assembled without adhesive but
following with a chemical treatment (confidential), have given collapse limit pressure
between 31 MPa and 35 MPa [28]. During the stabilization step, the hydrogen dissolved in the
materials and build up between the composite and the liner. The time of this step was chosen
to ensure a fully saturated sample for a test performed at 65 °C and for a given hydrogen
pressure. The temperature and the decompression rate are identical for all tests to compare the

different systems. Before obtaining the collapse limit pressure value of hydrogen, the tests are

13



carried out only once. To have a confirmation of the limit collapse pressure values, the

explosive decompression tests with these pressure are repeated twice.

At this maximal saturation pressure of 35 MPa applied to the specimens for enough time to
reach a homogeneity of the dissolved hydrogen concentration, all the specimens present more
or less important collapses. When for each type of assembly, saturation is achieved at lower
pressures as defined in Table 4, the phenomenon no longer appears for these specific

conditions.

The limit in saturation pressure is directly dependent on the type of adhesive and surface
treatment. This confirms that the mechanism depends on the intrinsic properties of the
adhesive where the phenomenon starts and on the strength properties of the assembly which
certainly facilitates or slows down the propagation of the collapse. The surface energy
ensuring the cohesion of the stack is one of the important parameters in the degradation
phenomenon. Table 4 shows the presence (numerical value defined after) or absence (NC) of

collapse as a function of the type of adhesive and the type of treatment.

It is also important to underline that for all the cases where a collapse appears, it intervenes
after the end of the return to the ambient pressure. As in the previous studies, the delay time is
observed. Unfortunately, apart from the sound generated by a sudden collapse, it has not been
possible to follow and measure this degradation time with precision. In standard operating
conditions of vessels, the time required to empty, related to the emptying flow rate, is much
faster than hydrogen time desorption from the materials. These conditions are also the same
during these explosive decompression experiments. For that, collapse appears during the

draining step.

As far as the RCA-20 adhesive material is concerned, the plasma treatment did not avoid the
collapse that appears at all pressures, on the other hand, the flame treatment improved the

assembly because it takes 3.5 MPa of saturation pressure to generate a debonding.

The most rigid material RCA-2000 presents much more interesting capacities, the collapses
appear for pressure values between 7.5 MPa and 15 MPa for the assembly prepared with the

plasma technique and between 10 MPa and 17.5 MPa by the one treated by flame.

Flame treatment delays the collapse resistance and the stiffness of the adhesive is a major
parameter in the resistance to collapse as it has been demonstrated in massive elastomer-type

materials [44].
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3.3 Mode of failure

After the decompression test, microscope images of the failure surfaces of the CFRP adherent

and the liner were taken and analyzed to characterize the failure patterns (Figure 7).

For surface treatment with plasma, an adhesive failure appears (black band between the two
lines in red), the failure takes place at the adhesive/PA6 interface. After surface treatment of
PA6 with flaming, the decompression test leads to the collapse of type the adhesive failure,
but in this case, the adhesive remains attached to the composite. The flame treatment

introduces polar groups to the surface of PA6, increasing adhesion.

No correlation was found between the areas of the presence of cavities and the development
of the collapse, in other words after the collapse, some areas with defects remain assembled.
Knowing that the sizes of the observed porosities are homogeneous and their distribution is

uniform.

It is also important to emphasize that collapse occurs in the core and that possible edge stress

concentrations do not participate in the mechanism.

Before After

RCA-20

Plasma treatment

RCA-2000
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Figure 4: Tomography of the cross-section : (a) initial state - (b) after explosive
decompression test (plasma treatment RCA - 2000)

3.4 Analysis of surface segmentation

The initial architecture of the material and collapse were determined from the segmentation of
specimens tested, and a specific procedure was applied to retrieve collapse created by
explosive decompression. The comparison of tomographic views at the PA6/composite

interface performed both before and after the explosive decompression test (Figure 8), shows
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the appearance collapses take place between PA6 and composite although the two materials

are well glued in their initial state (Figure 8.a).

The final architecture of the material and collapse were determined from the segmentation of
tested specimens. Thus, image segmentation assigns voxels to the air (collapse and porosity).
Using X-ray computed tomography alongside simple and accurate image segmentation
methods allows the detection and measurement of collapse. This information is one of the
essential data for the understanding and assessment of the effect of different test parameters

on adhesion performance.

To illustrate the different phases to be segmented (Composite, liner, collapse, glass beads,
porosity), a particular 2D slice of sample is shown in Figure 8 with the selected range of the

corresponding grey values histogram (Figure 9).

One can see in Figure 9 that there are three well-differentiated peaks. The first peak
corresponds to the collapse, the porosity, and the exterior air. The densities of the liner and the
resin of composite material are very similar their grey levels are all included in the second
peak. The third peak represents well yarns of composite material and glass beads. Adhesives
have grey values that are very closer to those of the liner (light grey) for that, the

identification is not straightforward.

7.00E+07
6.00E+07
5.00E+07
4.00E+07
3.00E+07

2.00E+07

Number of voxels

1.00E+07

0.00E+00

0 25,600 51,199
Gray-Scale Value

Figure 9: Histogram of gray values

It is important to keep in mind that, although X-ray Tomographic can facilitate characterizing
the material internal geometry, quantitative evaluation of these defects depends on the spatial

resolution and tomography images noise [45], and the reliability of the obtained results is

17



directly related to the quality of tomography scans and the segmentation process parameters

[46].

Two thresholding methods can be applied for image segmentation - 3D and 2D thresholding.
The 3D segmentation is based on X-ray computed tomography images. The images used in

2D segmentation were captured with a high-resolution Digital Camera.

The segmentation step is performed semi-automatically. Thresholding methods are not
straightforward and usually lead to segmentation errors that need to be manually corrected by
the operator, thus involving a time-consuming procedure. The thresholding is carried out by
manually adjusting the threshold mark between the phases. The raw, as well as segmented

images of plates, are compared to demonstrate the validity of the approach.

As an example, Figure 10 shows the reconstructed slice that is extracted from the 3D picture
of the sample prepared with plasma treatment after the explosive decompression test.
Computed tomography images are obtained and segmented using a simple thresholding

procedure. Starting from the segmented image, it is possible to detect collapses.

The collapsed areas are represented by white areas on the real image of the plate (Figure 10.a)
and by red zones on the segmentation result (Figure 10.b). Due to the negligible thickness of
the collapse generated by the explosive decompression tests, the very small collapses
remained unnoticed in the reconstructed image. When the collapse width is closer to the voxel
size, the collapse gray levels appear to be intermediate between those of the adhesive and the
liner or composite. The porosities present in the initial state of the plate are not visible in the
results of segmentation. It can be concluded that the adopted segmentation procedure is

unable to deliver meaningful results.
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Figure 5: (a) Original image by camera - (b)Segmentation performed using 3D
tomographic reconstructions of samples prepared with plasma treatment (RCA-2000)
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Figure 6: (a) Original image by camera - (b) Segmentation performed using 3D
tomographic reconstructions of samples prepared with flame treatment (RCA-2000)

Figure 11 shows one of the results of 3D segmentation for the sample prepared with flame
treatment after the explosive decompression test. Glass beads were well distributed
throughout the adhesive. Due to some tomography artifacts and the presence of glass beads in

segmented images, additional difficulties in the damage reconstruction processes happened.

The images used in 2D segmentation were captured with a high-resolution digital Camera
(Figure 12.a). Figure 12.b illustrates the segmentation result starting from the initial image.
The collapse, represented by the clear isolated regions (Figure 12.a), is easier to recognize and

is consequently successfully segmented.
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By comparison of the two images in Figure 12, in the 2D segmented image, the identification
of the various phases was consistent with visual identification from the original image. The
results showed an excellent correlation in terms of the collapse's shape, dimensions, and
distribution. The adopted segmentation procedure leads to good results. 2D image
segmentation showed better performance compared with 3D tomographic images. This
performance is only adapted for the RCA-2000 adhesive thanks to its transparency, on the
other hand, it is not valid for the RCA-20 adhesive which makes the collapses not visible.

Figure 7: (a) Original image by camera - (b) 2D slice example of collapses
segmentation

3.5 Correlation between the obtained results

The results of quantification of collapses, dynamic E-modulus by DMA, and Tg measurement
by DSC for adhesives, as well as the collapse presu pressure, are listed in Table 4.
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Tomographic measurements were performed for various explosive decompression applied to
the samples, it is possible to apply the porosity percentage technique, to evaluate the final size
of collapse depending on the explosive decompression tests. It should be noted that the
porosity presented in Table 4 is expressed as relative percentages of the total volume of
adhesive in the sample with 3D tomography observations. Due to the negligible thickness of
the collapse generated by the explosive decompression tests, the very small collapses
remained unnoticed in the reconstructed image which causes errors in the volume percentage
of collapse measured. On the other hand, due to the effort of opening residual important in
certain samples, some collapses have an upper thickness as those of the adhesive, which gives
a percentage greater than 100% if the volume of the collapse is related to the volume of the
glue. This report was therefore not retained. Equally, the collapse is quantified by the

percentage of porosity in the plates relative to the total area of the sample.

Compared with 3D segmentation, the results of 2D segmentation provided better
measurements for collapses, but this method was not adapted for RCA-2000 adhesives which
are not transparent. Analysis and crossing of these results lead to an understanding of
interface fracture mechanisms and therefore leads to fruitful conclusions of how to choose the

best adhesive/ adherent system.

Table 4: Results of all tests (TD: Total debonding, CLP: Collapse limit pressure, NC:

No collapse)
Plasma treatment on PA6 Flame treatment on PA6
RCA-20 RCA-2000 RCA-20 RCA-2000
Bulk glue properties
E(MPa) 21° 8.5 3471 8.5 3471
E’(MPa) 65° 2 1599 2 1599
E’(MPa) 21° 11.72 2316 11.72 2316
Tg(°C) -45 68 -45 68
Assembly
Adhesive
thickness 0.3 0.32 0.07 0.04
(mm)
Glass
beads(mm) No No Yes Yes
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Porosity % 3.8 3.2 =0 =0
Delarr‘nna.tlon PA6/ PAG / glue M77/ M77 / glue
localization glue glue
Press.u re % % collapse % collapse % % collapse % collapse
applied collapse collapse
volume area volume area
(MPa) volume volume
2 15.77 NC NC NC NC NC
3.5 22.22 NC NC 20.4 NC NC
5 14.05 NC NC 13.26 NC NC
7.5 18.78 NC NC TD NC NC
10 8.31 2.7 58.4 TD NC NC
17.5 11.32 6.21 68.24 TD 20.05 38.8
25 13.04 5.265 66.13 TD 100 58.67
35 15.77 13.5 70.61 TD 100 73.78
CLP (MPa) <2 7.5-10 2-3.5 15-17.5

According to the collapse limit pressure, the type of adhesives is the first parameter
responsible for the liner collapse. The value of CLP for RCA-2000 is 5 times as much as that
for RCA-20 for the two surface treatments considered. We find the same results on
elastomeric gaskets whose link between stiffness and resistance to collapse has been
described in the literature, for example, Gent et al. [47]. More the stiffness is important more
the limit of pressure is high. Therefore it seems advisable to choose a stiff bond between the

layers.

Next, attention was directed towards examining the effect of PA6 surface treatment on the
nature of assemblies as a function of pressure in explosive decompression tests. Flame
treatment improves the adhesion qualities of polymers. With flame-treated surfaces, bond
strength and durability are much improved. The value of the CLP is doubled in moving from
plasma treatment to flame treatment. Regarding the initiation of the phenomenon, it seems
difficult to separate the effect of initial defects or the presence of glass beads from the quality
of the interface. However, it is important to note that the pores generated in the case of the use
of the plasma manufacturing process have the size of the thickness and nothing could explain

that these bubbles privilege one or the other interface. Moreover, we have not observed a
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correlation between the distribution of initial porosity and the presence of the glass beads with
the position or the size of collapses. To evaluate the effect of stiffness and the presence of

initial bubbles, further tests must be carried out.

The increase in the saturation pressure leads to an increase in the differential in the pressure
induced during the depressurization step between the inside and the outside of the sample.
This differential of pressure plays a key role in the onset and propagation of collapse, which
explains the increase in the debonding area with the increase in the pressure for RCA-2000
assemblies. If the strength of the link influences the level of limit pressure, the propagation is
a balance between the internal pressure of solved gas and interfacial energy. For example for
a percent of collapse area equal to 58%), it is necessary to apply 15 MPa additional for damage
the assembly with flame treatment in comparison to plasma treatment. For soft glue, the flame
treatment permits to support 3.5 MPa, whereas with the plasma treatment it is lower than 2

MPa.

The local properties of glue and the strength of the interface play a major role in the onset of
damage. As the stiffness depends on Tg the influence of temperature can de indirect, it is
important to underlying this fact because the tank should be used in many situations. For a
car, the range of temperature is -50 °C to 90 °C. Consequently, the deviation from the glass

transition temperature is a major parameter for the specification of the adhesive.

To summarize, adhesive RCA-20 with plasma preparation can be defined as a kind of low
strength to collapse adhesive, and adhesive RCA-2000 with flame treatment can be defined as
a kind of high strength to collapse adhesive in the present report. This indicated that the
relatively higher tensile strength adhesive led to PA6 delamination with more pressure

compared to lower tensile strength adhesive.

4 Conclusions

This report presents a detailed study of the effect of adhesive properties and assembly
processes on the bond strength of a composite-liner bonded multilayer by performing a series
of explosive decompression tests under H>. X-ray tomography and microscopic observations
conducted on the samples before and after the explosive decompression allowed to quantify
the geometry of the adhesive layer, the manufacturing defects, and the size of the damage
created by the explosive decompression. The latter takes place either at the liner or composite
adhesive interface depending on the surface treatment applied to the liner. The limiting

pressure values are strongly dependent on the stiffness and surface treatment, the

24



quantification of the role played by the initial defects is an issue to be addressed to evaluate
the order of importance of the parameters in the collapse mechanism. A correlation of

different characteristics with the pressure limit led to the following findings:

(1) The stiffness of the adhesive is the main parameter responsible for the liner collapse. A
higher modulus of elasticity of the adhesive increases the limit pressure of collapse

occurrence in the specific configurations of this test.

(2) Surface energy, which is related to the surface treatment, is the second major parameter in
the collapse phenomenon both concerning its propagation and its position in the assembly, a

flame treatment has improved the performance of the structure.

(3) The thickness of the adhesive and the porosity of the samples seems to have less influence

on the occurrence of the collapse phenomenon but this point needs to be confirmed.
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