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ABSTRACT

Adhesive bonding is increasingly used in numerous industrial branches (aeronautics,
space, etc) for the many advantages this technique features. The quality of the
adhesive bonds depends on diversified factors, and bonding defects within the joints
are common. These defects may take the shape of pores, of various sizes, which are a
possible threat to the good mechanical strength of the joints. These pores may create
unwanted stress concentra-tions, and they are susceptible to locally weaken the
adhesive joints. As they are created during the bonding process, the hypothesis
that the bonding and curing conditions should influ-ence their properties is well-
founded. In order to validate this assertion, adhesively bonded samples were made,
for different adhesives and different curing cycles. In particular, the influence of the
peak temperature reached during the curing cycle was studied. The pores in the joints
were then observed and studied using X-ray microtomography. The performances of the
segmen-tation technique developed for the data processing were studied beforehand on
synthetic data, in order to identify the limitations of the suggested methodology and to
quantify the uncertainty on the computed quantities. It was found that a higher curing
temperature may induce noticeable pore growth phenomena (mainly dilation and
coalescence). In particular, this growth seems to be predominant halfway-through
the thickness of the joints, resulting in an observable decrease in the effective section.

1. Introduction

Structural bonding has known a surge in use and popularity in the past two
decades, for several reasons: (i) this technique allows engineers to design lighter
and more energy-saving structures, (ii) it is well-suited to multimaterials assem-
blies, (iii) it paved the road to mechanical assemblies using materials incompatible
with traditional techniques (welding, bolting, riveting, efc.), and (iv) bonded
structures feature fairly interesting stress distribution properties. Therefore,



more and more industrial fields started to include this technique in their processes
and in their designs, as in aeronautics, space, medical, efc. However, these
advantages come with some drawbacks: the quality of the adhesive bond is
sensitive to the bonding process,!") the mechanical behaviour of adhesives is highly
non-linear,” and the strength of the adhesive joint depends on a multitude of
factors, related to both adhesion and cohesion phenomena. Due to the numerous
elements impacting the quality of the joint, bonded structures are highly sensitive
to defects which may occur during the bonding process. Among these common-
place defects that cannot be avoided in standard bonding conditions, one may
reference the creation of pores throughout the mixing, bonding, and curing steps.
These pores could possibly be a significant disturbance to the good mechanical
resistance of the bond, as (i) they decrease the cross-section of the joint, (ii) the
continuum and the stability of the adhesive are challenged and put at risk, (iii) they
may induce unwanted stress concentrations, and (iv) they may lead to predisposed
crack propagation paths within the material. As these voids within the material are
created during the bonding and the curing of the adhesive, it is fair to hypothesise
that the bonding conditions and the curing conditions should have an influence
on their characteristics (mainly number, volume fraction, and size).

Unfortunately, as they are located inside the material, they are not easily
detected and visualised. It is nonetheless possible to do so, using advanced
imaging technologies such as X-ray microtomography. This technique has
multiple advantages: (i) it is a non-destructive technology, (ii) it provides
information from the bulk of opaque materials, (iii) the resolution can reach 1
um (or even below) and (iv) the gathered data are three-dimensional. In the
scope of materials science, it was at first used mainly on metallic alloys as in the
work of Liu and Bathias™! on the influence of defects on both tensile and fatigue
properties of an aluminium alloy reinforced composite. They showed that the
presence of pores and misorientation of fibres had a significant influence on
the decrease in terms of fatigue life, and therefore the authors bring to attention
the importance of a carefully controlled manufacturing process regarding these
aspects. Composite materials were also the subject of such measurements. It is
also worth referencing the works of Hirano et al. who performed damage
characterisation and assessment in 1995 using in-situ tomography measure-
ments on aluminium alloy matrix composites with SiC fibre reinforcements."

X-ray microtomography is nowadays widely used in materials science papers,
for the many advantages it features. These studies use tomography measure-
ments mainly for two purposes: the characterisation of the processing conditions
for given materials,'®’ and damage characterisation. Regarding this aspect, the
possibility to perform in-situ X-ray tomography measurements, while
a mechanical load is applied, is a definitive edge. In particular, the teams of
Maire et al., and Adrien et al. took advantage of this tool to investigate the
creation of damage in metals under tensile loading'”! and in polymeric syntactic
foams under compressive stress.*! In the 2007 study of Maire,”) it is notably



shown that data from acoustic emission measurements and X-ray tomography
measurements lead to similar conclusions in terms of crack and void detection,
which validates the use of X-ray tomography for such purposes. It is also an
interesting tool to build accurate finite element models, as it was done by Maire
et al.”! in the case of metallic foams. It was then possible to reconstruct their
structure down to the cellular level and to use this geometry in finite element
softwares.

Regarding the study of polymers specifically, a few studies may be found in
the literature. A topic often encountered is the fabrication of polymeric
structures via additive manufacturing techniques, as they are prone to gen-
erate voids in the material. For instance, a 2016 paper by Pavan et al.
characterised the porosity of laser-sintered polyamide structures, of various
sizes.!"”) It was found that the size of the structure influenced the properties
of the pores created during the process. More recently, Wang et al. proposed
a micromechanical model in order to characterise the mechanical behaviour
of 3D-printed polymers.'"! Nonetheless, few studies may be found specifi-
cally on adhesives, and even more so regarding adhesively bonded assem-
blies. This is probably explained by the a priori low risk of pores creation for
these materials when compared to additive manufactured polymers.

As far as the field of structural bonding is concerned, X-ray tomography
has been used on bonded wooden structures in order to characterise the
bonding process and the adhesive penetration in the wood by McKinley
et all"?! Still in the context of wooden structures, Schwarzkopf!'* coupled
tomography observations with numerical simulations to describe the micro-
mechanical strains in the joints and in the substrates, where the adhesive
tends to diffuse due to the fibrous nature of wood. This results in a fairly
accurate description of the kinematics of the interfaces, even though the
authors highlight a few limitations, such as the commonplace reconstruction
artefacts. No particular attention has been given so far to the microstructural
characterisation of adhesive joints through this technique, and the use of
X-ray microtomography is hence fairly new in the field of structural bonding
for this type of subject, as opposed to other materials: minerals,!"*! food,!"*!
composites,'®'”! etc. Nonetheless, a 2019 paper by Dumont et al. investi-
gated the evolution of the microstructural characteristics of adhesive joints
under mechanical stress by means of in-situ X-ray microtomography.

In the following study, the authors investigate the effects the curing process
may have on the pores within adhesive joints. This study is performed using two
different bicomponent epoxy adhesives, for two curing cycles, with means of
X-ray microtomography. First, the samples and their preparation are detailed.
Then, the experimental procedure for X-ray microtomography measurements is
presented. The authors also describe the tomographic data segmentation tool
which was developed and discuss its performances and abilities using synthetic



data, before its use on experimental data. Lastly, the experimental results are
outlined, along with a discussion on the observed phenomena.

2. Motivation

The observation of failure profiles of ruined samples after tensile tests through an
optical microscope (Figure 1a) and a scanning electron microscope (Figure 1(b,d))
highlights the presence of pores in the material. Moreover, these pores seem to
play a part in the failure of the samples, as it is illustrated in detail by Figure 1(a,c
and d) where cracks can be spotted in the neighbourhood of pores.

Even if any characterisation is impossible this way due to the lack of
provided information, it is fairly easy to visualise the creation and the growth
of pores within an adhesive using a mere optical microscope. In a first stage,
a layer of bicomponent epoxy adhesive (Araldite 420 A/B from the German
manufacturer Huntsman ") is spread between two sets of glass sheets, to be

(a) Optical microscope view (b) Scanning Electron Microscopy (SEM - secondary elec-

trons) view

(c) Cracked pore (SEM - secondary electrons) (d) Crack propagation through pores (SEM - secondary

electrons)

Figure 1. Microscopic observations of failure profiles of adhesively bonded samples (adhesive B —
tensile tests).



observed using a Keyence™ VHX electronic optical microscope. The com-
ponents of this adhesive were mixed together using a planetary mixer, so as
to obtain a homogeneous material. One of these glass-adhesive-glass assem-
bly was then left at ambient temperature for 12 hours, and the other one was
polymerised at high temperature for a short period of time (1h10 at 110°C).
They were then put back under the microscope. The picture of these samples
can be found in Figure 2.

It is then quite obvious that the high curing temperature used for the
material in Figure 2(a,c) had a significant influence on the pores inside the
adhesive: they greatly increased in volume, and decreased in number, mean-
ing that coalescence phenomena were very likely to happen during the
polymerisation. Also, it is possible to detect these pores even in the initial
state (Figure 2a), meaning that they are created as soon as the joint is formed
(and possibly as soon as the components of the adhesive are mixed).

Moreover, it is possible to detect lighter, circular areas on these pictures:
these denote the presence of glass beads in the adhesive, as it is common for

(a) Pores created within an adhesive joint before curing (b) Pores within an adhesive joint after 12h at ambient

temperature

Expangion

(c) Pores within an adhesive joint after 1h10 at 110°C (d) Glass beads spotted on microscopy pictures (extracted
from Fig.2a)

Figure 2. Highlighting the presence of pores in the adhesive as soon as the joint is shaped using
an optical microscope.



various reasons (mainly, to guarantee a minimal thickness for adhesive
joints). Such beads are shown in Figure 2d, as an example. The adhesive
used here is also used in the following microtomography measurements and
is referred to adhesive B.

As stated in preamble, these microscopy techniques only allow for visua-
lisation, and they are not suitable for characterisation. X-ray tomography is
a fairly interesting answer to this defect, as it features high-resolution data
acquisition, three-dimensional visualisation and measurements-oriented cap-
abilities. These pores being structural defects, the assumption that they have
an influence on the mechanical properties of the material seems reasonable,
as expressed in!"®! for composite materials. The conditions about this influ-
ence (in terms of pores size, number, volumetric ratio, efc.) are however not
investigated in this study.

3. Preparation of the specimen
3.1. Samples geometry

The geometry of the samples must meet two criteria, to remain in the scope of this
study: (i) they must be bonded assemblies (as opposed to bulk samples), and (ii)
their dimensions must be adequate to the resolution of the X-ray microtomogra-
phy measurements to be performed. Bonded samples are required as this study on
the effect of curing is part of a more complete and extensive tests campaign
performed on bonded assemblies. In order to check these requirements, mini-
Scarf samples (Figure 3c) will be used. These samples are made out of traditional
aluminium 2017A Scarf samples, where a rake-like shape is machined using water-
jet cutting (Figure 3a). They are to be bonded using two different bicomponent
epoxy adhesives, whose general characteristics are presented in Table 1). The
adhesives are spread on each bonding surface of this pattern, and the Scarf samples
(Figure 3a) are then assembled for the curing (Figure 3b). After the curing of the
adhesive, each individual is then water-jet cut from the main structure to form the
mini-Scarf samples, whose dimensions are presented in Figure 3c.

Moreover, in order to install the samples in a device for subsequent X-ray
tomography in-situ tensile tests, threaded holes are accommodated at each end
of the samples (Figure 3c). In the following study, no mechanical loading will be
applied, but the aforementioned tensile machine is used as a mounting setup.

3.2. Bonding and curing

The substrates are prepared so as to remove any potential impurities, oily
components, dirt, and oxides: (i) they are first degreased with acetone, (ii)
a mechanical treatment (grade 180 sandpaper) is then applied, and (iii)
another acetone cleaning is performed.
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(a) Mini-Scarf samples layout (dimensions in mm)

(c) In-situ microtomography tensile samples geometry

Figure 3. Modification of SCARF geometries for in-situ tomography applications.

As it has been evoked in introduction, two different adhesives will be
tested in this study; hereafter they will be referred to as adhesive A and
adhesive B (namely, Huntsman Araldite 420 A/B). The commercial reference
of the adhesive A will not be expressed in this paper for confidentiality
reasons. Both are bicomponent epoxy adhesives. Some general properties
about these materials may be found in Table 1, as provided by the suppliers.
The glass transition temperatures in Table 1 were measured using
Differential Scanning Calorimetry (DSC).



Table 1. A few properties for the considered adhesives.

Property Adhesive A Adhesive B
Texture paste-like honey-like
Known fillers - Glass beads
Glass transition temperature (DSC) ~ 90°C ~ 60°C
Young's modulus [MPa] 1400 2000
Poisson ratio [-] 0.33 041
Coefficient of Thermal Expansion [ppm.°C™] 83 78

The components of the considered adhesives are mixed according to the
guidelines provided by the manufacturers. The mixing is performed using
a planetary mixing device, at 1500 rpm for 7 minutes. These parameters are
arbitrary, but chosen for the resulting product to be homogeneous (i.e. the
hardener and the resin are visually indissociable).

In spite of the variation in terms of texture (Table 1), the application on
the substrates follows the same pattern no matter the adhesive: a layer of
adhesive is spread using a stainless steel spatula on both the substrates
constituting a sample, which are then assembled (Figure 3b). The excess of
adhesive dripping from the joint is cautiously cleaned. The alignment of the
substrates and the thickness of the joints (set to 0.4 mm) are controlled using
a specially designed setup (Figure 3b).

Two curing cycles are performed, in order to investigate the effects of this
factor on the resulting pores in the adhesives. Their characteristics may be
found in Table 2.

The curing is done with a Memmert UF110+ thermal chamber. It
should be noted that these cycles yield a satistyingly polymerised material
for both adhesives, even though they are different in durations and tempera-
tures. This was checked with DSC measurements, by comparing the cross-
linking enthalpies of the uncured and cured material. It should be noted that,
even though it is advised to cure such adhesives above their maximal glass
transition temperatures,'” the low-temperature cycle has been designed to
meet other additional requirements whose details are out of the scope of this
study. Nonetheless, even if the high temperature configuration features
a slightly higher curing degree, the low temperature curing configuration
displays curing degree higher than 95%, leading to the assumption that both
cycles yield rather similar materials.

Once the curing cycle completed, the samples were water-jet cut from their
Scarf base, to create microtomography individual samples such as presented in
Figure 3c. For the present study, one sample is considered per case. It should be

™

Table 2. Curing cycles steps and temperatures.

Cycle Step 1 Step 2
Low temperature 23°C for 24h 80°C for 2h
High temperature 110°C for 1h10 -




noted that two other specimens were examined for the following configura-
tions: adhesive A cured at low temperature, and adhesive B cured at high
temperature. A very low scattering was found in terms of porosity and number
of pores. Consequently, it was decided to keep the number of investigated
samples to one for each test case, in order to reduce the CPU usage on the
computing cluster used to process the tomographic results.

4, Experimental procedure
4.1. X-ray tomography principle

Microtomography is an imaging technique which offers the possibility to
reconstruct the internal structure of an object without causing any damage.
This non-destructive characteristic is a significant advantage in materials
science, in the case of in-situ acquisition for instance, as extensively presented
by Buffiere.?°! Moreover, it is superior to many other imaging techniques
such as any microscope-based methods, as it provides three-dimensional
data, with a resolution down to 1 um,*” and even below, depending on
the X-ray source used in the tomograph.

Tomography is based upon the variation of the linear X-ray attenuation coeffi-
cient (4) within a material. For anisotropic materials, such as composites or foams,
p depends on the spatial coordinates (x,y,z). Hence, building the three-
dimensional map of u(x, y, z) is equivalent to reconstruct the internal microstruc-
ture of the observed sample. More detailed information may be found concerning
the theoretical background of tomography imaging."*! The sample to be studied is
mounted on a rotary platform (Figure 4), which incrementally performs a 360°
rotational movement in order to perform the data acquisition on a variety of
organised propagation paths for the X-ray beams. The reconstruction of the
volume is then performed using a Fourier transform-based algorithm. Extensive
details on the theory of the reconstruction techniques may be found in the
reference work of Kak.”*"!

4.2. Test procedure

The samples are placed in the chamber of a Phoenix VtomeX laboratory tomo-
graph, which contains a Varian Paxscan X-ray detector featuring a resolution of
1920 x 1536 pixels. This detector outputs a 14-bits coded greyscale pictures (or
radiograms, see Figure 4) of the attenuation. The tensile machine in the chamber
of the tomograph (Figure 5) is used as a mounting setup for the samples.

The voxel size obtained using this experimental set-up is 4.5 pm x 4.5 pm x 4.5
pm, which suits the typical size of the pores that are expected. Moreover, the
glass beads included in the adhesive B feature a diameter above 60 um according
to SEM observations, meaning that they will not be difficult to detect.
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The acquisition is performed for 1200 angular positions (Figure 4), for a total
duration of approximately 10 minutes, with an exposure time of 500 ms for
each projection, and an X-ray source operated with a voltage of 80 kV and
a current of 280 pA. The size of the reconstructed volume is 1500x1500x500
voxels. Examples of tomographic slices may be found in Figure 6.

5. Analysis technique
5.1. Preliminary discussion

In order to exploit the data from the reconstructed volumes, it is necessary to
perform a segmentation, in order to isolate the different phases. It is
a common concern in the image processing and computer vision fields,
and it has been the object of many studies, which suggested a large variety
of methodologies to answer this issue.!*”

The easiest way to segment biphasic greyscale data is to use a threshold:
a greyscale level (i.e. the threshold) is chosen, and the pixels of the image are
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(c) CT-scan after reconstruction (adhesive A, XZ plane)

Figure 6. Reconstructed data after filtering and cropping.

separated whether they are brighter or darker than this value. Even though
this method is fairly basic, it usually gives satisfactory results, given the fact
that the data histogram is adequate (i.e. that the phases are easily distinguish-
able). The threshold can be manually chosen or algorithmically computed,
the latter being preferable. The numerical determination of the threshold can
be performed in various ways: one may base the calculation upon the analysis
of the histogram,**! or by clustering the greyscale levels,'** for instance. The
thoroughly documented paper of Sezguin et al.**! compiles an extensive list
of methodologies and should be consulted for advanced details. Other meth-
ods, not necessarily based on thresholding, are available, but they will not be
discussed here, as it is out of the scope of this paper.

Due to the shape of the histogram in Figure 7a, an Otsu thresholding
used. In this paper, Otsu demonstrates that it is possible to compute an optimal
threshold to segment bimodal data by maximising the interclass variance of the
greyscale levels in each class. It is though necessary to generalise this approach to
a thresholds number Ny, greater than 1, as Figure 7a displays a trimodal
histogram. Otsu suggests that it is easily performed, by definition of the dis-
criminant criterion chosen to optimise the thresholds values,””’ upon which
there is no constraint regarding Ny, In this study, a multithresholding process is
used for Ny, = 2, in order to discriminate the following phases: (i) the pores and
the surrounding air in the tomograph chamber, (ii) the adhesive matrix, and (iii)
the substrates (added to the glass beads, depending on the adhesive). It should

(251 g
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Figure 7. Segmentation principle.

also be noted that no significant change in illumination for the same phase has
been experienced, which could have prevented us from using such a method.

It is then obvious that the weak spot of the chosen methodology is the
sensitivity to the noise in the experimental data. In order to minimise the
influence of this measurement noise, it is then advised to filter the data in
order to increase as much as possible the signal-to-noise ratio. It is however
paramount not to damage the data, and especially the contours of the objects
that must be segmented (i.e. the pores). A great number of filters (two-
dimensional or three-dimensional) are available.”*’ Among all these possibili-
ties, the median filter and its derivates stand out with their edges preservation
properties, as it was proven by Gallagher et al.””! The filter used for the works
presented in this paper is a three-dimensional median filter, whose kernel size
will be discussed further.

12



5.2. Preprocessing

As mentioned previously, the reconstructed data need to be filtered, using a 3D
median filter. The size of the kernel of the median filter will determine the
minimal size of the segmented entities to consider. The filtering is performed
with Matlab. A kernel size of 5 voxels is chosen, to remain relatively small when
compared to the majority of the pores. As a consequence, any segmented pore
whose volume is lesser than 125 voxels (i.e. the volume of the kernel) will be
considered as too uncertain, and therefore will be discarded. The chosen filter is
three-dimensional to prevent as much as possible the loss of information during
the filtering.

The shape of the reconstructed volumes is a (1500, 1500, 500) matrix. They
are cropped to keep only the region of interest (the adhesive joint and a small
part of the substrates, Figure 6a).

5.3. Segmentation

As stated in preamble, the segmentation is performed using Otsu algorithm!*! to
compute the required thresholds. The greyscale values of these thresholds are
hence unsupervisedly computed, using the histogram of the data and the statistics
of the greyscale levels. Such data display well-defined peaks and valleys in-between
(in Figure 7a, from left to right, pores, adhesive, and substrates and beads which
show roughly the same attenuation coefficient), enabling an histogram-based
segmentation method. The computed thresholds may be visualised on the histo-
gram in Figure 7a, which is provided as an example. One may notice that the lowest
threshold does not exactly fit the minimum between the two corresponding peaks
in Figure 7a, which is rather counter-intuitive. This is due to the slight asymmetry
in terms of measurement noise, as it will be addressed later in the study.

Using these thresholds, it is then possible to build volumes containing only the
identified phases so far: pores + surrounding air, adhesive, and substrates + beads.

These volumes need to be filtered either to remove unwanted objects (the
air surrounding the sample in the tomograph chamber, the measurements
artefacts which may occur near the interfaces and the objects whose size is
too small to be taken into account) or to separate different objects that were
placed in the same phase (typically, the glass beads if the adhesive contains
some and the aluminium substrates). This step is easily completed by con-
sidering the sizes of all these items, to identify those that should be discarded.
For instance, the air surrounding the sample features a volume significantly
larger than any other pore in the adhesive joint, and thus may be easily
labelled in the segmented volume to be erased. The same method may also be
used to classify the objects contained in the (substrates + glass beads) phase
since the substrates volumes are several orders of magnitude greater than the
volume of a glass bead.

13



Before being used on the experimental data, this tool needs to be char-
acterised on synthetic representative data, in order to validate its architecture
and to investigate its limitations.

6. Characterisation of the analysis tool
6.1. Creation of synthetic volumes

In order to validate the methodology proposed in this paper, it was important to
verify the segmentation performances of the tool on synthetic data. These
artificial datasets should be representative of the experimental data in terms of
(i) greyscale levels, (ii) noise, and (iii) pores sizes. The diameters of the pores are
assumed to be following a Gaussian distribution, whose parameters will be
discussed later. Their centroids are assumed to be randomly distributed within
the adhesive joint. This hypothesis is validated further in this paper.

The creation of such a volume is divided into four steps. Firstly, a reference
boolean volume is created, where true values denote the presence of pores pixels,
and false values denote the absence of pores. Secondly, this boolean volume is
turned into a 16-bits greyscale volume, where the pores display a unique grey-
scale level, and where the adhesive displays another, distinct, greyscale level.
Then, padding is added (i.e. the air surrounding the sample and the substrates),
since it influences the shape of the histogram of the data. Lastly, Gaussian noise
is added to the synthetic volume, and a slight blurring of the contours is applied
in order to best resemble the experimental data. The process adopted to create
these synthetic volumes is summarised in Figure 8(a,b).

6.1.1. On the boolean reference generation

A representative volume of [300,300, 100] voxels for the adhesive joint is
used in the following considerations. The complete synthetic volume will be
slightly larger, due to the padding operated in the following steps, as pre-
sented in Figure 8b. The pores diameters follow a Gaussian distribution
whose mean and standard deviation are, respectively, y; and o4. The study
is done for 200 pores randomly located in the adhesive joint. The boolean
reference is under the shape of a matrix [300, 300, 100] M"%, whose elements
(i,, k) are defined by Eq.1.

lr;{—l lf\/l_xc _] yc) +(k_zc)2§rpor

M;e,{ =0 else

(1)

where r,,, is the radius of the considered pore, and (x,, y., z.) the coordinates
of the centre of this pore. As a side note, the properties of the pores are not
constrained to be integers (i.e. the quadruplet (x, yc, zc, Tpor) € RY.
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(b) Process adopted to create synthetic microtomographic reconstructed data from a boolean refer-

ence

Figure 8. Generation of synthetic data to characterise the performances of the proposed analysis tool.

The process mathematically expressed in Eq.1 also simulates the voxelisation
which occurs during the microtomography measurements, with the discretisa-
tion of continuous quantities (i.e. the material) by the X-ray detector.

It is conspicuous that the parameters chosen for the diameters Gaussian
distribution will play an important part on the segmentation performances of
the designed tool: the smaller the generated pores, the poorer the tool will
compare to the reference. The values of these [u;,04] parameters will be
discussed later in the study.

6.1.2. On the greyscale levels of the different phases

The determination of the greyscale values to be used for each phase is
straight-forward, as the histograms of the reconstructed volumes are pro-
vided. The nominal greyscale value for each synthetic phase is the peak value
evaluated on the histograms of the experimental data (see Figure 7a for
example). The greyscale values (before the addition of the Gaussian noise,
see in Figure 8b) are summarised in Table 3.
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Table 3. 16-bits nominal greyscale values for each phase in the investi-
gated adhesives.

Phase Adhesive A Adhesive B
Pores + ambient air 10407 10563
Adhesive material 18250 17220
Substrates (+ glass beads if needed) 44980 44700

6.1.3. On measurement noise

The measurement noise is estimated by acquiring data for the same volume
twice, and by subtracting one of the resulting reconstructed volumes to the
other. The remaining greyscale values correspond to the measurement noise
caused by the X-ray detector. A significantly higher noise for the substrates
and the glass beads is expected due to their higher X-ray linear attenuation
coefficient y. The noise values for each phase are listed in Table 4.

A light Gaussian filter (0 = 0.4 voxel) is applied in order to slightly blur
the edges of the pores to replicate the experimental data. The comparison
between the histograms of the simulated data and of the experimental data
should provide a good indicator of the quality of the synthetic volumes, and
of their representativeness of the actual microtomographic data (Figure 9).
The data represented in Figure 9 have been normalised with respect to the
total numbers of pixels in each case (synthetic data and experimental data),
and therefore they are expressed in terms of frequencies.

A few remarks should be made at this point of the study: (i) one can see
a slight mismatch in terms of frequencies for each peak, certainly due to the
padding added during the creation of the synthetic volume; (ii) the in-between
zone for the pores and adhesives peaks is seemingly representative of the real
data; (iii) the brightest pixels for the synthetic adhesive (greyscale levels between
20000 and 30000, Figure 9) are lacking a few occurrences to match the experi-
mental frequencies. Due to the large difference between the peak values for the
adhesive pixels and for the substrates pixels, this particular mismatch should not
impact too much the computation of the corresponding threshold. Moreover,
the pixels of the substrates in this in-between zone are mostly located within the
bulk of the aluminium (visible in Figure 6¢), meaning that segmentation errors
potentially occurring in these area can easily be fixed by morphological opera-
tions if need be (i.e. opening, closing, filling, etc.). Alternatively, this mismatch
(due to the fact that each phase does not follow a perfectly symmetrical Gaussian
distribution) could be corrected by stretching the greyscale levels in this interval

Table 4. 16-bits noise greyscale values for each phase in the investigated

adhesives.
Phase Adhesive A Adhesive B
Pores + surrounding air 2281 2254
Adhesive material 2554 2462
Substrates (+ glass beads if needed) 6586 6681
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Figure 9. Comparing the histogram of synthetic data with the histogram of experimental data
(adhesive B).

by a multiplicative factor until the synthetic histogram matches the experimental
histogram. It is however not performed in this study as it is assumed to be
a second-order factor on the segmentation abilities of the developed tool.
Another indicator of the representativeness of the simulated volume is the
similarity between the thresholds computed for the synthetic data and the
ones computed for the experimental volumes, which were used as a reference
pattern to build the artificial data. A comparison is made for the two adhesives
studied in this paper in Table 5, where the first (pores/adhesive) and second
(adhesive/substrates) thresholds values are provided.

6.2. Segmentation abilities

The segmentation tool is then applied to these synthetic volumes, in order to
compare the segmented data with the reference pores patterns (Figure 8a). As it
has been evoked earlier in this paper, significant variations are expected in terms
of performances depending on the size of the pores to be segmented. Various
diameters distributions are therefore considered, included in several simulated
volumes as detailed previously. In practice, the parameters of the diameters
Gaussian distribution ([u,, 04]) will be incrementally increased in two intervals,
in order to sweep a matrix of values for this couple. The mean value p; will be
varied from 8 to 20 voxels, and the standard deviation o, will be varied from 1 to
5 voxels. Due to the similarity in terms of greyscale levels between the adhesive
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Table 5. Comparison between the experimental and synthetic
16-bits greyscale thresholds for adhesive A and B.

Thresholds Adhesive A Adhesive B
First threshold (exp.) 15009 14035
First threshold (synth.) 14151 13781
Second threshold (exp.) 32192 31531
Second threshold (synth.) 31085 30466

A and the adhesive B (see Tables 3, 4 and 5), the study will be carried out only for
one adhesive (adhesive B). For each couple [u,, 04], a relative error ¢ for the
pores number and the pores ratio with respect to the references values will be
calculated, as shown in Egs.2 and 3. It should be noted that these errors are
expressed as percentages, due to the normalisation with respect to N;Zfr and nref

pOT
in Egs.2 and 3.

<Ndet _ N;‘;J;>2

por
ey = 100 (2)
Ny
2
(n;iﬁi — lhor Vor
g, = 100 x ,with n, =2 (3)
ref por V. .
ﬂpor Jjoint

where N9 and N;f,fr are, respectively, the numbers of pores detected and of

por
reference, ngf;tr and ;7;2; are, respectively, the detected and reference pores

volumetric ratio, and Vp,, and Vj,i,; are, respectively, the volumes of the
pores and of the joint. In order to reduce the influence of the greyscale
noise on the results, 5 computations will be carried out for each couple
luy, 04) for different Gaussian noise draws (the standard deviation of this
noise being tuned using the data displayed in Table 4). The results of this
parametric study are displayed in Figure 10, where the mean values for ey
and ¢, are presented.

Apart from the extreme cases of small pores distributions, satisfactory
results are obtained (typically, for u; < 10 voxels), as the relative errors &
remain circa 5% or below. The major part of the segmentation errors are
expected to happen near the edges of the pores, due to the slight blurring
occurring at these locations.

These results on synthetic volumes ensure us that once applied on the
experimental data, our method should yield fairly satisfying results, to be
pondered with the size of the segmented pores, which was labelled as an
important factor in terms of results accuracy.
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7. Results

Data similar to Figure 11(b,d) are obtained once the segmentation process is
completed. It is then possible to carry out various considerations on these
datasets, whether geometrical (volume, shape, equivalent diameter, etc.) or
microstructural (pore-to-joint volumetric ratio, pores number, etc.).

A 3D view of a reconstructed sample computed with FiJi software!*®! can
be seen in Figure 12. The Cartesian coordinate system defined in this figure is
used in the following sections to express the location of the pores. As one
may notice, the surfaces of the substrates are not perfectly parallel to one
another. This is most certainly caused by the machining of the substrates, the
mechanical treatment applied to the bonding surfaces and more generally an
imperfect bonding process. This misalignment, however, does not disturb the
observations made in this study.

7.1. Pores numbers, volumetric fractions, and diameters distributions

The X-ray microtomography measurements data are segmented (see Figure 13
for 3D viewing) using the previously detailed methodology in their initial state.
Two different curing cycles are then to be investigated, for two different adhe-
sives. As a reminder, the studied curing cycles are the following: (i) 110°C for
1h10, hereafter referred to as “high temperature” and (ii) 23°C for 24h + 80°C for
2h, hereafter referred to “low temperature”. For each case, it is possible to
compute the number of pores included in the adhesive joint, and the volumetric
fraction of these pores with respect to the whole joint. These results are shown in
Figure 14(c,d). The uncertainty on the considered quantities (cf. the error bars in
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(b) Adhesive (white pixels)

(c) Pores (white pixels) (d) Glass beads (white pixels)

Figure 11. Segmentation step results (adhesive B, slice in the middle of the adhesive joint).

Bubslrates

Adhesive

Figure 12. 3D view of a reconstructed sample (outlined contours for better visualisation).

Figure 14(c.d)) was estimated by cross-referencing the data in Table 7 and in
Figure 10. It is also possible to compute the distributions of the equivalent
diameters of the pores for each case, as it is done in Figure 14(a,b). The pores
count in each bin in these histograms is normalised with respect to the total
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Figure 13. 3D views of segmented pores in adhesive joints.

number of pores, in order to obtain frequencies histograms, in order to easily
compare the different samples, each one containing a different number of pores.

From the data displayed in Figure 14, it appears that the two adhesives
investigated in this paper feature different sensitivities to the curing conditions,
at least for the considered thermal cycles examined in the present study.

On one hand, the adhesive A seems rather unresponsive to the curing
temperature: very little changes can be identified between high temperature
curing and low temperature curing, in terms of pores number (Figure 14c),
porosity volume ratio (Figure 14d) and diameters distribution (Figure 14a).
Detailed numerical values may be found in Table 6.

On the other hand, the adhesive B is far more impacted by an increased curing
temperature, as it may be seen in Figure 14(b,d). From these data, one may
notice that a higher polymerisation temperature for the adhesive B translates
into a slightly higher average pore diameter (from 43 pm to 50 um, Table 7).

A possible conclusion to these findings could be that the high temperature
cycle tends to trigger void growth phenomena, either relying on material
expansion, or on coalescence mechanisms possibly activated by the thermal
environment.'”! Another finding of these initial state measurements is that,
no matter the curing cycle, the microstructural properties of the adhesive
A and those of the adhesive B are extremely different (see Figures 14a and
14a), even though they are similar materials: both are bicomponent epoxy
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Figure 14. Comparisons of the pores diameters, numbers, and volumetric fractions for high and
low temperatures curing cycles.

Table 6. Characteristics of the created pores in the adhesives A and B for
different curing cycles.

Adhesive Curing Pores [-] Pores ratio [%]
A Low temperature 5866 2.63
A High temperature 4862 2,57
B Low temperature 3806 2.61
B High temperature 2849 3.67

structural adhesives, with similar mechanical properties. The major differ-
ences between the two considered materials (aside from their chemical
compositions, as they are not available) are shown in Table 1.
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Table 7. Pores diameters statistics for all the considered cases.

Adhesive Curing Mean diameter [um] Standard deviation [um]
A Low temperature 43.1 12.0
A High temperature 429 1.9
B Low temperature 49.5 14.1
B High temperature 56.3 18.2

As a reminder, it was evoked earlier in this paper that two additional
specimens were studied for the following cases: adhesive A cured at low
temperature and adhesive B cured at high temperature. Given for informative
purposes only regarding the experimental scattering, these samples displayed
the following properties, respectively: 2.63% pores ratio with 5828 pores, and
3.87% pores ratio with 3108 pores.

7.2. Pores shape

From the gathered data (Figure 2a,d, 6b, 6¢c and 11, for example), the pores in the
adhesives are assumed to be rather spherical. It is however possible to quantify
their roundness and their resemblance to a sphere. A quantity useful for such
considerations is the sphericity, defined by Wadell in 1935.%°! The sphericity ¥
of a particle of volume V), and of area A, is defined according to Eq.4.

v — m(6V,)*

4, (4)

In the case of a perfect sphere, ¥ = 1. Thus, the closer to 1 is the sphericity,
the more spherical the considered object is. Using connected components
analysis on the segmented pores volumes, it is possible to extract, for each
pore, its volume and its surface, and to use the expression in Eq.4 to compute
its sphericity. The data plotted in Figure 15 represent these sphericities with
respect to the equivalent diameters of the pores for all the considered cases.

It is fairly obvious from Figure 15(a,b) that the majority of the detected
pores are almost perfectly spherical, since for both the adhesives and for both
the curing cycles, there are clusters of point located near ¥ = 1. This asser-
tion is confirmed by the data in Figure 15(c,d), where the distributions of the
sphericities values are presented. These distributions are normalised with
respect to the total number of pores, yielding frequencies instead of counts
for each interval in the histograms. One may clearly see that the vast majority
of these values are close to ¥ = 1.

The definition of the sphericity introduced by Wadell'*”! assumes that ¥ = 1
is a theoretical limit for ¥. However, values slightly greater than 1 may be
noticed in Figure (15a,d). The fact that these paradoxical values occur for
small diameters tends to suggest that it may be an effect of the voxelisation,

23



1.1 1.1
1 - 1 1t N o a1
¢
0.9 1 09} 1
¢
=038 1 08} 1
> >
0.7 1 0.7t 1
0.6 1 0.6} 1
¢ Adhesive A - low temperature ¢ Adhesive B - low temperature
s Adhesive A - high temperature s Adhesive B - high temperature
0.5 . - . . 0.5 . .
0 50 100 150 200 250 0 100 200 300

Diameter [um)] Diameter [um)]

(a) Sphericitiy of the pores in adhesive A plotted with (b) Sphericity of the pores in adhesive B plotted with

respect to their diameter respect to their diameter

0.7

Frequency [-]
< o = = <
no w =~ (&2 (=2}

S
=

(c) Sphericity values distribution for the adhesive A

| [ Adhesive A - high temperature

[ ]Adhesive A - low temperature

0.8

e
3

[ ]Adhesive B - low temperature
[ Adhesive B - high temperature 1

S e
> ot =

Frequency [-]
=
w

0 0.2

0.6
v [

0.4 0.8

1.2

0 " L

1 0 0.

2

1.1t

0.8t

+34 Adhesive A - low temperature

+#1 Adhesive A - high temperature |

+$+ Adhesive B - low temperature
+8+ Adhesive B - high temperature

0.7

20 40 60 80
Diameter [um)]

100

04 06 08 1
v [

(d) Sphericity values distribution for the adhesive B

(e) Average sphericities for all the considered cases

Figure 15. Sphericities of the created pores.

24



leading to slightly erroneous areas or volumes calculations. It is easy to under-
stand that the smaller the size of the pore, the greater the effect of voxelisation,
and therefore the greater the potential error on the sphericity.

One may also notice a few sphericity values rather small when compared
to the trend on each graph (see in Figure 15(a,d)), lesser than 0.7. These
points may be due to coalescing pores or to segmentation errors for pores
very close to one another (and mistakenly identified as one unique entity).
Examples of these punctual values can be found in Figure 16, where pores
with ¥ <0.75 are displayed. It is, however, arduous to determine whether
these values are segmentation errors or whether they are due to actual
coalescence phenomena occurring during the curing of the adhesive. For
this reason, it was chosen not to disconnect them, even though several
algorithms such as the watershed transform exist to answer similar issues.

No noticeable difference between the adhesives and between the curing cycles
can be highlighted in terms of shape of the pores, though, as the points clouds
displayed in Figure 15(a,b) feature highly similar shapes. This is put into
perspective in Figure 15e, where the average points of each point clouds pre-
sented in Figure 15(a,b) are plotted together. The error bars are computed using
the standard deviations of the equivalent diameters and of the sphericities
(£ 20). Almost no gap between the adhesive A data can be spotted, which
suggests that this particular adhesive is rather insensitive to the polymerisation
conditions, at least with respect to the adhesive B. This conclusion should
nonetheless be pondered by the fact that phenomena similar to the adhesive
B may be happening in the adhesive A, but at a lower scale, undetectable with the
measurements performed in this configuration. A slight shift is however detect-
able for the adhesive B (Figure 15e), both in terms of diameter (which was
expected, see the data in Table 7, for example) and in terms of sphericity. Several
factors could explain this difference between these samples: (i) it could simply be
due to the experimental discrepancy from one adhesive joint to another and
therefore be unrelated to the curing conditions, or (ii) the dilation happening
throughout the curing cycle due to the increase in temperature could counter the
effect of the slight mechanical load applied to the Scarf samples in their bonding
apparatus (visible in Figure 3b) in order to control the joint thickness. More
advanced and extensive measurements are needed in order to validate this
hypothesis or to develop another possible explanation of this phenomenon.

7.3. Effective section of the adhesive joint

One of the most critical effects of the presence of pores within an adhesive joint
is the decrease in effective section. The effective section is defined in Eq.5 as the
ratio between the surface of adhesive S,4, and the surface of joint (i.e. the sum of
the surfaces of adhesive S,4, of pores Sy, and of glass beads Speqss)-
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This X ratio (somehow similar to a surface ratio, by analogy with the
volumetric ratio used earlier in our study) can then be computed for each
slice of reconstructed volume containing adhesive (i.e. the slices where there
is only aluminium are excluded). As the investigated bonded assemblies are
designed for tensile loadings, the section planes are defined to be parallel to
(xy) in Figures 6a and 12. It is then possible to compute X with respect to the
distance along Z (defined in Figure 6a). It is assumed that z = 0 for the first
slice where adhesive is segmented.

Once again, the differences for the adhesive A are small for the two curing
cycles studied in this paper. It should, however, be noticed that the pores seem to
be concentrated at the center of the joint (~ z = 0.2 mm) for both cycles, with
a sharper trend in the case of a high temperature curing. This remark is also to be
made for the adhesive B, for which the differences between curing temperatures
are once again more pronounced. If the rate of change of X with respect to z
seems to be rather equivalent for both curves in Figure 17b in the first and last
quarters of the joint (z < 0.08 mm and z > 0.3 mm, roughly), it is however not
the case in the middle: there is a sudden gap between low and high temperature
curing, which could be explained by void growth patterns thermally activated
during the polymerisation of the material. Such coalescence phenomena have
been widely observed and studied for porous materials. The works of Pinzer!"!
in particular show that coalescence mechanisms can be thermally activated,
which could explain the differences experienced between low temperature and
high temperature curing for the adhesive B. This phenomenon is seemingly
localised in the middle of the thickness of the joint, where the pores are more
numerous. Additional work focused on the creation of the pores during the
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Figure 17. Effective sections evolutions along the thickness of adhesive joints.

fabrication and the curing of the joint could bring elements to understand the
mechanisms leading to the trends seen in Figure 17.

7.4. Compactness

Similar considerations can be pursued to investigate the existence of concentra-
tion zones for pores in the plane of the adhesive joint (as opposed to the data
provided in Figure 17, where concentration zones along the direction normal to
the adhesive joint were investigated). To do so, a similar approach is used, and
define a compactness quantity C computed along the Z axis (see Figure 6a for
axis definition). Therefore, this C quantity will take the shape of a [m, n] matrix
for a given segmented adhesive phase and a given joint (adhesive+pores+beads)
represented, respectively, by [m, n, p|] boolean matrices Mag, and Mjyin, as it is
expressed in Eq.6. The value of C is an indicator of the effective thickness, by
analogy with Figure 17 and its corresponding discussion.

Zi:l Mﬂdh(i’j7 k)
ZIZ:I A/I]'Oint(iaja k)

The resulting maps of the compactness C for all our experimental cases can be
found in Figure 18. From these data, it seems that there are no noticeable zones
for which the compactness of the adhesive joint is lower. In other words, there is
no part of the joint where pores are more abundant or bigger in the (xy) plane.
As such, this would imply that the shift in curing temperature does not induce
any major changes in terms of planar distribution of the centroids of the created
pores and that the concentration mechanisms which appear to exist are occur-
ring along the thickness of the joint, as demonstrated by Figure 17.

C(i,j) = (6)
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Figure 18. Compactness maps computed for all the adhesive joints under investigation.

This can be confirmed by analysing the distributions of the coordinates of the
pores for each segmented volume, as it is done in Figure 19. In these graphs, each
one of the three plotted lines shows the distribution of the coordinates x, y and z
respectively. The distribution of a given coordinate component (x, for instance)
is evaluated disregarding the values of the two others (i.e. y and z). Moreover,
these distributions are not evaluated in terms of numbers of individuals in each
kernel, but in terms of volumetric fraction of each kernel with respect to the
complete volume of pores. It should be noted that the count of each interval used
to compute these distributions has been normalised with respect to the total
number of individuals to obtain frequencies.

As it may be easily seen in Figure 19(a,d), there are no prevalent coordi-
nates for the pores centroids along the X¥ and y which corroborates the
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Figure 19. Pores coordinates distributions within the adhesive joint.

observations done in Figure 18. In addition, the concentration of the pores in
the middle of the joint following Z can be quite clearly visualised, as
expressed earlier in this paper (Figure 17).

7.5. Local pores volumetric fraction

The data displayed in Figure 19(a,d) provide with knowledge about the number of
pores as a function of the coordinates, but any volumetric ratio consideration is left
aside in this approach. In order to obtain such information, the computation of
a local porosity ratio is suggested, hereafter referred to as 7, in a sliding window
sweeping the complete volume. The dimensions of said window can be selected
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arbitrarily, but it was chosen to use the sizes of the pores as a basis for their
calculation. The window used to compute these local ratios needs to be sufficiently
large to not be outweighed by large pores (i.e. not to yield cases where there are only
pore-related pixels in the window), but at the same time it needs to be small enough
to remain local. As such, a window size A defined with respect to the statistics
computed on the diameters distributions is used for each studied case, as expressed
in Eq.7. The resulting kernel sizes vary between 20 and 29 pixels. The size of the
window along Z is set equal to the joint thickness. Therefore, 77, will be computed
in [A, A, p] subvolumes within the complete adhesive joint.

A= Lud + 40'dJ (7)

where p, and o, are the average diameter and the diameters standard
deviation for a given pores dataset.

The value maps for #,,. can be found in Figure 20. These maps are to be linked
with the data presented in Figure 18(a,d), as they give similar but complementary
information. Several conclusions may be extracted from these figures: (i) a higher
curing temperature does not induce local increase of porosity ratio, (ii) the
physico-chemical properties of the investigated adhesives do not impact this
quantity for the studied cases, and (iii) the only concentration zones are linked
to high diameters pores. These larger pores are hopefully the most uncommon as
well (as demonstrated by the diameters distributions displayed in Figure 14) and
usually created while spreading the adhesive on the bonding surfaces. There does
not seem to be a general trend once these peculiar values put aside, leading the
authors to conclude that there are no favoured sites for pores concentrations in the
place of the joint, may it be in terms of number or in terms of volumetric fraction.

Very high values for 7, are reached in all the studied cases (up to 75% for the
adhesive B cured at 110°C), comforting the hypothesis that pores within an
adhesive joint are, to some extent, a threat to the mechanical strength of the
bonded structure.

8. Conclusion

Adhesively bonded samples were made for two different curing cycles and two
different bicomponent epoxy adhesives. These samples were placed in the chamber
of an X-ray tomograph, in order to characterise the microstructure of the adhesive
joints. The goal of these measurements was to detect the pores created during the
bonding and during the curing inside the adhesive joints, and to investigate the
potential change of their properties depending on the adhesive formulation and on
the polymerisation cycle used to cure the materials. A segmentation-oriented
image processing tool was then developed, so as to process the resulting CT-
scans. This tool has been tried on artificial datasets to ensure its performances and
to check its limitations. There are multiple findings for this study.
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Figure 20. Local pores volumetric fractions.

First, it has been shown that the curing cycle and the adhesive formulation could
have significant influences on the pores created during the manufacturing of the
joint. These differences could be explained by the disparities between the adhesives
in terms of texture and chemical compositions, but no tangible answer can be
provided at this stage of the study regarding these aspects. However, among the
two adhesives tested, one seemed to be relatively insensitive to the curing condi-
tions (adhesive A), as little to no difference was experienced for the curing cycles
used in this study. This implies that different adhesives may have different
sensitivities to the bonding and curing conditions, but the factors driving this
sensitivity remain unknown so far. Further information could be obtained through
in-situ X-ray microtomography observations during the curing of the materials.
Particularly, such experiments would provide interesting data regarding the effect
of the viscosity changes which happen during the curing, due to the increase in
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temperature and to the cross-linking reaction. Directly related to the curing
reaction, the effects of the chemical shrinkage and of the residual stresses should
also be investigated, in spite of their relative difficulty to be quantified.

It was also shown that pores are likely to be concentrated halfway through the
thickness of the adhesive joint. Depending on the porosity volume fraction, this
could be a factor to take into account in mechanical dimensioning computations,
as the cross-section of the joint could be decreased by a noticeable and easily
detectable amount, and the proximity of several large pores could also create
preferred crack propagation paths since the adhesive bond would be locally
weaker. Therefore, it would make sense, for mechanical strength reasons, to
decrease as much as possible their creation during the bonding and the curing of
the adhesives, especially for critical industrial fields such as aeronautics or space
industry. Depending on the sensitivity of the material to the curing temperature,
this decrease in pores number and volumetric ratio could be achieved by optimis-
ing the curing cycle so as to be as complete as possible in terms of polymerisation
rate of the adhesive, and at the same time to be as low-temperature as possible. It is
common for adhesives manufacturer to provide advised curing cycles in their
datasheets, some of them being high-temperature cycles. This study shows that
even if these advised cycles result in a fully polymerised material, the induced
microstructure could trigger premature failure mechanisms, not necessarily for
basic loadings such as monotonic or even creep, but perhaps for cyclic and fatigue
loadings, or any long-term loading from a general standpoint. Working on the
curing cycles is however not the only solution, as it is conceivable to mix the
adhesive components in a vacuum environment, for example, which could
decrease the pores created during the mixing.
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