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Highlights
A thick cellular structural adhesive : Identification of its behavior
under shear loading
Maxime Wetta, Jean-Benoit Kopp, Louise Le Barbenchon, Philippe Viot
e Core-skin effect highlighted in the microstructure of a thick cellular
structural adhesive (TCSA):

e Evaluation of the shear properties of a TCSA using the Arcan test and

digital image correlation;

e The macroscopic shear modulus and the maximum shear strain at fail-

ure of TCSA are mainly driven by macroscopic density which is not

the case for the maximum shear stress at failure.
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Abstract

This study focuses on the link between the microstructure and the mechanical
behavior under shear loading of a thick cellular structural adhesive (TCSA).
X-ray microtomography and image post-processing were first used to perform
3D-quantitative microstructure analysis. The cells morphometric parameters
and their orientations were studied. The foaming process boundary condi-
tions seems to create local density gradients changing the cells dimensions
and shape. The cells are more spherical in the core of the material whereas
being more ellipsoidal close to the upper and lower faces of the samples creat-
ing a skin layer. The effect on the strain field of this skin layer has then been
highlighted . Secondly, a shear test method using an Arcan set-up coupled
with digital image correlation was used and allowed to observe the mechan-
ical behavior of the material under shear loadings. Instead of the material
being cellular and heterogenous, it has been found that the strain field can
be considered homogeneous at macroscopic scale to extract the properties

on a homogeneous equivalent material. Shear test on samples with different
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densities were performed. Using the relation developed by Gibson and Ashby
linking the shear modulus to the density squared is a first approximation,
at this scale, to predict and describe the mechanical behavior under shear
loading.

Keywords: Foam, Epoxy adhesive, Arcan shear test, X-Ray Tomography,

Microstructure

1. Introduction

Structural bonding is a stiffness reinforcement technique that has been
developing over the last 50 years. There are other joining methods such
as riveting, welding, and bolding but these techniques create stress concen-
trations as well as oxidation and weight problems. Therefore, bonding is
very popular in a large number of industrial sectors that use metals and
composites: the transportation industry (cars, boats, airplanes, trains), civil
engineering (solar panels, bridges) or medical prosthesis. For structural ad-
hesives, the base material is synthetic polymers like epoxy (thermosetting)
or acrylic (thermoplastic) [1] resins.

During their lifetime, structural bondings may endure all types of load-
ings. These materials are usually strongest in shear and compression but
relatively weak under peel and cleavage. The design of the joints should
take this into account to reach the highest resistance [2]. Manufacturers and
suppliers consider that the main role of the adhesive is to transfer load from
one adherend to another through a shearing action [1]. Thus, the mechanical
characteristics of the material under shear loading are very important for

design calculations.



Several shear tests are used to characterize adhesives. The most com-
monly used in the industry are standardized as Single Lap [3] or TAST for
thicker adhesives [4]. There is also the Scarf test [5], which is not standard-
ized. However, the Arcan test, initially developed by the researcher of the
same name [6], has been shown to create uniform plane-stress states [7, 8]
in adhesive bonds. Since then, this solution has been used with digital im-
age correlation (DIC) to characterize the elastic shear moduli of orthotropic
materials [9, 10], to test adhesively-bonded assemblies for the automotive
industry [11].

Several studies have shown that the properties of conventional adhesive
joints tend to decrease with increasing joint thickness. Sources agree that
the thickness impacts the stress field due to parasitic moments and stress
concentration related to the structure [12, 13, 14]. It is then necessary to also
take into account bulk properties rather than just joint properties [15, 16].
But most studies on structural adhesives involve bond lines that are between
0.1 and 2-3 mm thick. Studies on thicker adhesives (5 to 10 mm) are limited,
recent and focused to specific fields such as the marine and wind industries
17, 16, 18].

To link part of structures with large gaps and complex geometry between
parts while limiting the final weight, expanded structural adhesives have been
developed in the industry. By using cellular-structured composite materials
or high performance bonding resins like epoxy, the mechanical characteristics
of the structure can be improved with a reduced weight [19, 20, 21]. However,
the knowledge on these cellular-structured adhesives in the literature is poor

and the influence of the manufacturing process on their mechanical properties



little understood. The state of industrial knowledge in the sector indicates
that these materials have a cellular material behavior at the macroscopic
level. However, in some cases, such as interface fractures, the behavior would
seem to be closer to a classical adhesive. It is therefore necessary to explore
knowledge from both adhesives and cellular materials fields of study.

Historically, many studies have focused on metallic foams which have very
good mechanical properties [22, 23|. But in the last three decades the use of
polymeric foams has increased significantly due to the improved strength of
the materials coupled with their intrinsic low density.

Studies of polymeric cellular materials began really in the 1980s with, for
example Siegmann et al. [24] predicting elastic properties of polyurethane
foams using the Kerner equations [25]. Gibson and Ashby [26] provided then
description of the relationship between the cell structure morphology and
the governing parameters of the mechanical behavior. Fabrice Saint-Michel
et al. [27] verified the effect of the density on the mechanical properties
of high density polyurethane foams comparing Gibson and Ashby [26] and
Christensen and Lo [28] models. The macroscopic response of foams under
high compression rates have also been shown to be linked to microstructure
[29, 30, 31| as well as its fracture properties [32].

The foaming process for the cellular material creation is important to un-
derstand. Indeed, it is known in the literature, as for example for injection
process, that anisotropy can appear in cellular structures due to the nucle-
ation [21, 33]. Gomez-Monterde et al. [34] have shown that the mechanical
properties can be modified because of this phenomenon. The anisotropic

behavior of the polymer increased due to the cell elongation caused by the



injection flow.

Few studies exist in the literature to investigate in detail the behavior
under shear stress of cellular materials. The shear strain of cellular materials
have recently been locally analyze with DIC and Arcan fixtures [35, 36]. The
study of the material remains however often external and not volumetric.

The objective of this paper is a description and an analysis of the link be-
tween cellular microstructure of a thick cellular structural adhesive (TCSA)
and its behavior under shear loading. The morphology heterogeneity in the
material due to the process is first studied. A 3D-quantitative microstruc-
ture analysis is made possible thanks to X-ray microtomography and image
post-processing. Then, a method using the Arcan test coupled with DIC is
developed to characterize the mechanical behavior of the TCSA material un-
der shear loading. The study will focus on samples of two different densities

and then two different microstructures.

2. Material and Methods

In this section the studied material will be described. Then the X-Ray
tomography images acquisition and their treatment are presented before a

mechanical testing method using the Arcan shear test and DIC.

2.1. Thick cellular-structured adhesive (TCSA)

Epoxy resin is a thermosetting polvmer commonly used for strong adhe-
sion. It expands when cured at high temperature via the incorporation of a
blowing agent reacting while the cross-linking of the resin is occurring. The

resulting material is a thick adhesive with a cellular microstructure.



Material samples of dimensions 2 50 x 30 x 4 mm? are cut from an A5-
sized injected plate before being expanded using the assembly presented in
the Figure 1. This assembly consists of two rigid metallic plates spaced by
hollow shims of known thickness. Release paper is added between the plate
and the material to prevent the adhesion of the material to the metal. The
objective is first to control the density of the material by controlling the
height of expansion. Samples with two different thicknesses ¢ were manufac-
tured : £ =5 mm and t = 7 mm. To describe cellular materials, the notion
of relative density p, = p*/ps is commonly introduced. The density p* is
that of the cellular material while p, is that of the same fully dense material.
After expansion, samples with relative density p, pign = 0.49 (for t =5 mm)
and priow = 0.45 (1 = 7 mm) are obtained. These macroscopic densities
have been measured with laboratory density scales. By disregarding the ad-
hesive function, one tries to determine only the volumetric properties of the

material.
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Figure 1: Set-up controlling the expansion height.

Two samples of the two different densities p, were cut with a band saw
to obtain parallelepipeds of dimensions &~ 45 x 10 x t mm?®. They were

then observed by X-ray tomography as explained in the section titled X-Ray
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micro-tomography.

Parallelepipeds were cut out of the expanded material samples using a
band saw. To achieve the desired dimensions of 40 x 21 x e mm?, a sander
with a P120 grit disc was used (step 1 in Figure 2). They were then glued
with a device to create the Arcan test samples. The steps (step 2 for gluing
and 3 for verification) in Figure 2) are described in the section Arcan shear

test - sample preparation.

o @
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Figure 2: Gluing protocol for Arcan samples with a set-up allowing parallelism.

2.2. X-Ray micro-tomography

It is difficult to properly analyze the cellular materials structure with only
2D methods like light or scanning electron microscopy. Indeed, there is a loss
of information into volume such as the coalescence of the cells. To eliminate
this problem and observe in 3D, X-ray microtomography with a GE v|tome|x
s tomograph available at Placamat Bordeaux was used. The general principle
of the X-ray microtomography technique applied to the material science has
already been described in an article by Maire et al. [37)].

The resolution was 8.5 um/voxel for the low density sample and 10 pm /voxel
for the high density one. The first one having a smaller thickness, it was pos-
sible to obtain a slightly better resolution with the laboratory tomograph.

However, this did not result in a better observation afterwards, the difference



being weak. Whatever the density, this technique is assured to have sufficient
resolution regarding the size of the cells.

The 3D reconstruction of the samples and the quantitative analysis of the
structural parameters of the material are performed using the Amira-Avizo
software,

The study volume, also called volume of interest (VOI), is a prismatic sub-
volume. It is in this VOI that the morphometric parameters are calculated.
This sub-volume is chosen with dimensions slightly smaller than the sample
to avoid edge effects due to sample preparation. For the low density sample,
its dimensions are 9 x 6 x 10 mm?®. To keep the same width/height ratio, with

the high density sample the dimensions of the VOI are 8.1 x 4.3 x 10 mm?.

2.3. 3D Image analysis

The images being originally in 16 bits were converted to 8 bits (see in
Figure 3a). Due to the large difference between the linear attenuation coef-
ficients of air and epoxy, the grey-level distribution of the images is almost
bimodal. A threshold then allows the image to be binarized as needed (see
in Figure 3b). The pixels have intensity values from 0 to 90 for the cells (the
void) and from 90 to 255 for the polymeric phase.

The 3D segmentation method is divided into three main steps [38]. First,
the distance map image of the cells is computed. The right markers are
then selected by topographic conditions. Finally, the watershed method is
constructed from these markers with the help of the distance function (see
results in Figure 3c¢). Then, one can label and study the cells one by one
(Figure 3d). It is possible to analyze separately the polymeric phase (in

Figure 4a)) or the porosities (in Figure 4b)).
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Studies on cork [39] and aluminum [40] foams highlight the difficulty of
image segmentation on heterogeneous cellular materials. There is not vet a
technique to quantify the accuracy of this method. Recently, deep learning

was tested to improve these algorithms [41].

X

Figure 3: Image processing steps (a)-(d) for the 3D reconstruction of the cells.
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Figure 4: 3D reconstruction of the polymeric phase (a) and the porosities only (b). The

represented volume size is 9 x 6 x 10 mm™.

The considered parameters are the length, width, volume, orientation,
anisotropy and sphericity of the cells.

The length and width of the cells are defined as the maximum and min-
imum values of the Feret diameters respectively. One recalls that the Feret
diameter is a one-dimensional measurement to estimate the size of an object
along a direction. For the analysis of a 3D particle, the object is projected
in a 2D plane and the Feret diameter is the distance between two parallel
tangent lines [42].

All cells with a volume smaller than 107°

mm? are removed. It is impos-
sible with the available resolution to identify them. The classical spherical
coordinate angles # and ¢ are used for the cell orientations. The mathemat-
ical convention calling ¢ the azimuthal angle and ¢ the polar angle is used
to to simplify software processing (see in Figure 5).

Sphericity ¢* measures how closely the shape of an object approaches a

mathematically “perfect”™ sphere. It is calculated according to Eq. 1
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- Ts (1)

with V},, the volume of the particle and A,, the external surface area of

the particle. The nearer to 1, the closer to a sphere.

Figure 5: Orientation of the cells in a spherical coordinate system.

2.4. Arcan shear test - sample preparation

The Arcan device consists of a bonded specimen clamped in two half disk
shaped pieces. The Arcan adherends are manufactured from Aluminium 7075
T6 (E = 72 GPa and v = 0.33). The size of the bonding surface is 40x 21 mm
(840 mm?). The metallic adherends were cleaned with alcohol and acetone
before being air dried. After setting and clamping the adherends, Loctite EA
9466 epoxy adhesive was applied. The material specimens were then placed
on the adherends. The assembly was then put in place as shown in the step
2 in Figure 2. Large shims are used to control the adhesive thickness at
0.5mm on each side. Excess adhesive was directly removed.. This step was

performed a second time after 45 min, as the glue was not yet fully cured.
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The assembly was then left for at least 24 hours at room temperature before
disassembly to ensure the glue cross-linking. The final result is shown in step
3 in Figure 2.

The tests were performed on 10 high density and 15 low density samples.
The difference in macroscopic density between each sample for both sample

types (high or low density) was equal or less than 0.01 g/cm?

2.5. Test set-up and protocol

The Arcan tests were performed with the help of a Zwick Z010 tensile
machine as shown in Figures 6a and 6b. The force was measured with a 10
kN load cell. The crosshead was driven with a constant displacement speed
of 0.5 mm/min. To limit the displacement uncertainty at the beginning of
the test due to the gaps in the set-up, a preload of 50 N was systematically
applied.

For image acquisition during the test, a Canon 800D camera with a macro-
scopic lens is used. Its resolution is 4000 x 6000 pixels. The camera is
mounted on a tripod and the focus is adjusted manually. The LED light
allows to adjust the brightness without increasing the temperature of the
sample (checked with a laser thermometer). A signal is sent by the computer
to acquire pictures at a sampling rate of 0.33 Hz. To be able to use the
image correlation tools, a white and black paint speckle was sprayed on the
material as well as on the metallic adherends. Both the adherends and the

sample were placed in the field of view.
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Figure 6: Arcan set-up and schematic drawing.

2.6. Digital image correlation (DIC)

It is therefore necessary to take into account local behavior of the ma-
terials under loadings. Digital image correlation (DIC) is a powerful tool
to analyze locally small displacements of materials [43]. This method has

already been used coupled with the Arcan test to characterize the shear be-
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havior of heterogeneous materials such as wood [10] or bones [9] under shear
loading. Studies have also shown the usefulness of this technique to study
the local behavior of foams under high speed compression [44],[45].

In the Arcan test, the displacements can be described by a 2D analysis.
For the DIC processing, the Vie2D software from Correlated Solutions is
used. The data are then exported and processed using GNU Octave and
Matlab.

On each image a calculation area called ”Area of interest” (AOI) is de-
fined. These areas are divided into "subsets” which each has their own gray
scale spectrum. The size of these subsets is chosen to obtain a good estima-
tion of the displacement field. At least 20 subsets in length and 5 in height
of the sample were chosen. The post-processing consists in calculating the
Lagrange deformation tensors E from the displacement field. From these it
extracts the engineer’'s deformations and more particularly the shear strain,

~

[

2F..
e ot —1 Iy ¢
L ((1 +2E,,)(1 +2Eyy))’ @

knowing that z is defined according to the length of the sample and y
according to its height (as seen in Figure 6). The evolution of the average ~
angle during the test is then exported.

The shear modulus, the ultimate shear strength and the maximum shear
strain of the material were calculated. To obtain the stresses the force ac-
quired by the machine was divided by the initial sheared surface, S,. This
surface was considered to be the cross-section of an equivalent homogeneous

material of the same dimension. Displacements and shear strain are obtained
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by DIC measurement.

3. Results and discussion

Quantitative morphometric data extraction using 2D slices is
not suitable. Indeed, a large part of the information is only ac-
cessible from volumetric data. The former will therefore allow a
qualitative analysis of the phenomenon while all the quantitative
data will be extracted from the volume reconstruction analysis ex-

plained in section 2.3.

3.1. Microtomography results

Higher density p,. = 0,49 Lower density p,. = 0,45

. Y (expansion direction)

_;x

Figure 7: X-Ray Tomography slices for both high and small densities samples.

After sorting the data to remove the noise one studies about 20000 cells
for the low density sample and 10000 for the high density sample. The
volume ratio being only 1.55 it seems that there are less cells in the high

density sample. For the sample with lower density, the expansion height and



therefore the expansion time is higher. The small bubbles that are initially
unobservable will continue to grow and thus be detectable.

It is important to note that the majority of the cells are reconstructed
interconnected. The resolution is sufficient to reveal that the structure is
predominantly with open cells.

The Figure 8 shows the anisotropy of the cells related to their height in
the sample. It can be observed that, for this parameter, there is a difference
between the upper and lower parts of the sample and the core. In the upper
and lower parts the distribution seems to be linear, being more normally
distributed in the core. To study the differences of the cells in the thickness,
three study areas in the sub-volume were defined. The base and the top will
correspond to the lower and upper 20 % of the sub-volume. The core will
correspond to the rest. In this way, the study of the lower and upper layers,
also known as skins or skin layers in the literature [46, 47, 48] , and their
effects is studied. Thereafter the term "skin effect” will be used to describe
the influence of the skin layer on the material properties. The difference

between the base and the side where the expansion ends is also studied.

Nommalized samgie heght

Figure 8: Relationship between sample height and anisotropy.
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3.2. Cell size

The length and width median values and first (Q1) and third (Q3) quar-

tiles of the cells are presented in Table 1. In the core of the samples the cell

sizes are comparable between the two samples. However, at the extremities,

the cells are wider and longer.

Q1 length

Median length

Q3 length ||| Q1 width

Median width

Q3 widt

Low density 164 pm 294 pm 520 pm 111 pm 176 pm 271 pm
High density | 139 pum 262 pum 544 pum 88 pm 160 pm 278 pm
Table 1: Length and width statistic of the cells
05,
0.5 - [ i
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04 - Base 041
z Z 03}
E 03 j: I
£ 02 & 02

0.1 oIy
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(a) Angle @ low density.

(b) Angle @ high density.

Figure 9: Comparison of the cells #-orientation for the two samples.

There are some large cells but a large majority (around 70 % of the cells)

has a volume less than 0.01 mm?®. Of these, the majority have a volume

inferior to 0.002 mum®. There is no significant difference between core and

skin.



3.3. Orientation of the cells

The orientations according to the angle @ of the cells is represented in the
Figure 9. The cells are mostly oriented with an angle # close to 0 in both
samples.

For the low density sample (Figure 9a), about 50 % of the cells are ori-
ented with an angle lower than 20°. Variations are less than 5 % for all
angles and for all three study areas. That means that the orientations are
equivalent regardless of the area and the cells are directed perpendicular to
the expansion.

For the high density sample (Figure 9b), about 50 % of the cells are
oriented with an angle lower than 20° in the core area. In the extremities,
about 50 % of the cells are oriented with an angle lower than 10°. That
means that the cells are directed quite perpendicular to the expansion in all
the sample but a skin is visible with a more pronounced phenomenon in the
upper and lower extremities.

The study of the orientation with the ¢ angle presents equivalent results
for both samples. About 40 % of the cells are oriented with an angle higher
than 70° . There is a quite constant increase in the proportion of cells with
increasing angle. For low angles the proportion is about 5 % up to about
20 % for the highest angles. This indicates that the majority of cells tends

to be oriented in the XY plane.

3.4. Cell shape
The anisotropy of the cells for both samples is represented in Figures 10a
and 10b. Both samples show similar cell anisotropies. In the extremities one

has less than 20 % of cells with anisotropy inferior to 0.5. There is then a
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rapid, almost linear increase in proportion as a function of anisotropy (see in

Figure 10b). In the core, however, a more harmonious distribution of cells

between anisotropies of 0.3 and 1 is observed (see in Figure 10a).
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Figure 10: Anisotropy and sphericity comparison between core and extremities for both

samples.

The sphericity of the cells for both samples is represented in Figures 10c

and 10d . A difference of the cells sphericity between core and skin on the

two

samples is obvious.

It is remarkable that for both samples almost half (45 %) of the cells

have a high sphericity superior to 0.9 in the core (see in Figure 10¢) . The
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distribution is much more heterogeneous in the skins (see in Figure 10d). For
the low density sample, 80 % of cells have a sphericity greater than 0.7 in the
core while this proportion drops to 65 % in the skin. For the high density
sample 75 % of cells have a sphericity greater than 0.7 in the core while 50
(base) to 60 (top) % in the skin.

It has been shown that there is a difference in morphometric parameters
between the cores of the samples and the extremities in contact with the
metal plates covered with anti-adhesion paper. This skin layer exists for both
sample tyvpes. Core cells have a less elongated shape, greater sphericity, and
an orientation more perpendicular to the expansion than at the extremities.
In all likelihood the boundary conditions during the foaming process influence
the microstructure. Indeed, the gas is released into the soft material and
disperses. It will be blocked by the metal plate on each side. Korner et
al. [49] illustrated the developing of metallic foams within the constraints of
walls. Nadella et al. used platen to block and heat a polymeric material to
control the shape of the cells through the thickness and create a skin [50].
These two papers thus present results similar to those obtained for these

TCSA materials confirming the hypothesis.

3.5. Strain field observed with DIC

The Figure 11a shows the evolution of the shear strain field in the ma-
terial during the test. The Figures b) to f) confirms that the field is quasi-
homogeneous in the core of the sample throughout the test. The image
correlation shows that at maximum the tensile strain ¢,, reaches a value of
0.0006 or 2.4% of the shear strain 4. The hypothesis of pure shear with small

deformations is therefore assumed to be valid. Thus, the stress tensor T is,
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The Figure 11b shows the evolution of the shear strain in the thickness
along the line shown in the Figure 11a a). For this example, the sample
thickness is 7 mum and the position 0 is the middle of it. One observes a small
asymmetry of the curve explainable by the movements of the adherends and
has been seen with the DIC. One undergoes effort and movement and the

other is fixed.
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Figure 11: Analysis of the shear stress field during the test.

The bonding with epoxy adhesive is stiffer than the epoxy foam (but well

below the aluminum)and can explain the strain gradient near the interface.

When the glue was removed during the preparation of the samples, some

of it may have remained on the substrate (as seen in Figure 2). On the

tensile strain field in Figure 12 it seems that the red area fits the residual
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glue location. This can explain the small shear strain in the substrates area.
Sample failure occurs cohesively in the core of the sample, always on the
side of the effort. These results validate the use of this method to characterize

the mechanical properties of this tvpe of material.

Tensile strain €,y
0,0006

0,0003

0,0000

Figure 12: Tensile strain field at the end of the test.

3.6. Influence of density on stress

Figure 13 shows the results curves of the shear tests for the samples of
the two different thicknesses and density.

One can observe a first part of the curve approximately linear until 50%
of the maximum loading. Then, a non-linearity implies a change in behavior.
After reaching a maximum stress the sample breaks in a brittle way. The
image acquisition frequency does not allow to study the behavior after the
maximum effort, explaining the sudden end of the curve. The last point of
the curve corresponds to the last moment before a fall to zero of the force,
not represented in the figure for reasons of readability.

It is known in the literature that thermosetting polvmers like epoxy have
low viscosity [51] allowing to put aside viscosity effects for the curve slope

softening. Heterogeneous quasi-brittle materials such as concrete [52] are
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known to be damaged with a stable propagation of micro cracks before an
unstable propagation of cracks until macro failure. It is assumed that this
variation is due to the presence of micro-damages of the material. More local
observation like in-situ tests under tomography might confirm it. Fracture
tests with compact tension samples for example could to confirm the quasi-
brittle behavior of this material.

One can therefore affirm the quasi-brittle behavior of this material. The
average maximum shear strain and standard deviation are presented in the

Table 2 as well as the shear modulus (normalized by a fixed value) and its

variation.
Average max shear strain " Standard deviation Average normalized shear modulus " Modulus variation
low density 0.023 " 0.003 23.8 " +10 %
high density 0.029 I 0.007 322 I +11 %

Table 2: Mechanical properties comparison between low and high density samples.

The elastic modulus is 26 % lower for the sample with the lowest density.
The average maximum shear strain is also different between the two tyvpes of
samples. The denser samples have on average a 26 % larger maximum shear
strain. However, the average maximum stress is comparable between both
samples series. The difference between the two mean values is smaller than
the standard deviation of each series. That means that the driving factor is

the stress.

3.7. Foam-like behavior

In the Figure 13 one could observe a difference in shear behavior for both
tyvpes of samples. There is however a difference in density between the two.

The tomography allowed to show that the structure looks like an open cell
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foam. Gibson and Ashby [26] show with a micromechanical model that the

shear modulus G+ (and thus the stress) is related to (p*)? by the relation :

2
G* px
5-a(Z) (5
For these samples E, and p, are constant and identical for both types of
samples. The shear stress values from Figure 13 were thus divided by the
density according to eq. 5 (see in Figure 14). Discrepancies between the two

densities are largely reduced.
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Figure 13: Stress-strain Arcan curves for both types of samples.

It appears that the shear modulus of such cellular structual adhesive is
mainly governed by the density and can be determined with the eq. 5 pro-
posed by Gibson and Ashby. It is interesting to note that the microstructure
variations between low and high density do not influence significantly the

result. The macroscopic density factor is sufficient to describe the variations

of the results.
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Furthermore, the maximum shear strain is, on average, related to the
density of the samples on the same order of magnitude as the shear modulus.
The increase in porosity will therefore make the material softer.

It would appear that material failure is not directly related to macroscopic
density. There are probably micro-cracks in the material and the complex
structure will determine how the material will fail.

The use of a model based on micromechanics at the cellular scale thus
seems to be a relevant first approximation to describe the macroscopic be-
havior of the material. The material failure being however not explained by
this model, a study of the behavior of the material at the cellular scale is nec-
essary. In-situ testing under X-ray microtomography could provide answers

to these questions.
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Figure 14: Stress-strain Arcan curves normalized by squared density.
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4. Conclusion

In the present study, the behaviour of TCSA under shear loading was
studied. It was shown the existence of a skin layer in the TCSA open-cell
microstructure due to the foaming process. The cells were observed to be
more spherical in the core of the material whereas they becomes elongated
close to the upper and lower faces. Samples with different densities display
similar microstructure.

The Arcan shear test allowed to determine the mechanical properties
of the material and its behavior under shear loading. The homogeneity of
the strain field through the test was verified thanks to DIC method. The
skin effect does not seem to be the most relevant parameter influencing the
macroscopic elastic mechanical properties of the material. It was shown
that using the relation linking the shear modulus to the density squared,
proposed by Gibson and Ashby, is a first approximation, at this scale, to
predict the macroscopic shear modulus and the maximum shear strain at
failure of TCSA which is not the case for the maximum shear stress at failure.
More local measurements and observations would be needed in order to link
the heterogeneous microstructure and the fracture properties. Moreover the

adhesive properties of cellular structural adhesive could also be of interest.
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