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Abstract: Adhesive bonding plays a pivotal role in structural connections, yet the bonding strength
is notably affected by the presence of pore defects. However, the invisibility of interior pores severely
poses a challenge to understanding their influence on tensile failure behaviors under loading. In
this study, we present a pioneering investigation into the real-time micro-failure mechanisms of
adhesively bonded structures using in situ X-ray micro-CT. Moreover, the high-precision finite
element analysis (FEA) of stress distribution is realized by establishing the real adhesive layer model
based on micro-CT slices. The findings unveil that pores induce stress concentration within the
adhesive layer during the tensile process, with stress levels significantly contingent upon pore sizes
rather than their specific shapes. Consequently, larger pores initiate and propagate cracks along their
paths, ultimately culminating in the failure of adhesively bonded structures. These outcomes serve
as a significant stride in elucidating how pore defects affect the bonding performance of adhesively
bonded structures, offering invaluable insights into their mechanisms.
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1. Introduction

Adhesive bonding is a structural connection technology utilizing the mechanical
bonding force, physical adsorption force, and chemical bonding force generated by the
adhesive on joint surfaces [1-3]. Compared with traditional rivet bonding and welding
technology, adhesive bonding exhibits the advantages of minor deformation, uniform
stress distribution, and simple processing, and, thus, it has been widely used in industrial
fields [4,5]. However, due to volatiles, entrained gases (principally air and water vapor),
or insufficient adhesive being applied, the adhesive layer inevitably contains bonding
defects such as pores and bubbles after curing [6]. The evolution of defect structures under
loading will reduce the effective bonding area and cause stress concentration, thereby
resulting in the failure of adhesively bonded structures [7]. Therefore, deeply revealing the
evolution behaviors of defect structures under loading is of great significance for assessing
the bonding performance of adhesively bonded structures.

Significant efforts have been made for studying how defect structures affect the bond-
ing performance of adhesively bonded structures; the variable-based test methods are the
most extensively employed due to their ease of use. For instance, researchers artificially
introduced defect structures into the adhesive layer and examine their impact on bonding
strength by manipulating defect properties (such as defect volume, defect location, defect
form, etc.) [8-10]. However, it is difficult to reveal the microscopic influence mechanisms
using such experimental approaches based on macromechanical testing and fractured
morphology observation. To address this issue, numerous simulation studies, such as
finite element analysis (FEA), have also been carried out. For instance, based on FEA,
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it is possible to clearly illustrate how defect location, number, and form affect the stress
distribution of the adhesive layer during the shear process [11]. But this modeling method
cannot reproduce the real structure of the adhesive layer. In addition, existing researches,
both based on experiment and simulation methods, are generally confined to artificially
introduced defects. And there are few studies focused on the naturally formed defects
during the bonding process, limited by the monitoring and visualization of interior defects
inside the adhesively bonded structures [12].

Recently, X-ray micro-computed tomography (micro-CT), which can precisely pro-
vide three-dimensional (3D) microstructure inside materials, has been widely adopted to
reconstruct multiphase materials, such as porous materials [13], particle-reinforced com-
posites [14], interior pore characteristics in the epoxy resin adhesive layer [15,16], etc. The
in situ X-ray micro-CT under loading, which conducts X-ray scanning during the loading
process, has been developed over time into a powerful instrument for investigating the
failure behaviors of materials in real time; for example, the microstructure evolution of short
fiber-reinforced composites [17] and damage behaviors of 3D braided composites [18-20].
Therefore, by monitoring the real-time evolution behaviors of defects (through experiments)
and reconstructing the 3D FEA model (through simulation), the in situ X-ray micro-CT tech-
nology shows significant prospects for revealing the underlying micro-failure mechanisms
of adhesively bonded structures. Different from the above test methods and FEA methods,
in situ X-ray micro-CT combined with FEA can not only monitor the entire macroscopic
fracture process in real time and reveal the microscopic fracture mechanism, but can also
realize the real structure of adhesive layer structure modeling through the subsequent
analysis of CT data, providing a real adhesive layer model for FEA. Additionally, this
method can be applied not only to the study of pore defects, but also to the study of the
interface between adhesive and adherend. In addition, by improving the accuracy of CT
scanning, the internal microstructure of the adhesive can be accurately analyzed, and the
reinforcing effect of the filler type and the particle size and shape on the fracture process in
the adhesive layer can be analyzed. Therefore, this method has a high application prospect.

In this work, the real-time micro-failure mechanisms of adhesively bonded structures
are comprehensively investigated based on in situ X-ray micro-CT and FEA to thoroughly
reveal the evolution behaviors of pore defects under loading. Based on in situ X-ray micro-
CT, the structural evolution of pores during the tensile shear process and its impact on crack
propagation are tracked and monitored. Furthermore, the combination of FEA and the
3D model reconstructed by X-ray micro-CT slices is used to investigate how pore defects
affect the stress distribution in the shear tensile process. The results reveal that pores lead
to the stress concentration in the adhesive layer during tensile process, and the stress is
substantially influenced by pore size and less so by form. Therefore, larger pores will cause
the crack’s initiation and propagation along the pore path, thus leading to the failure of
adhesively bonded structures.

2. Experimental Method
2.1. In Situ X-ray Micro-CT under Tensile

The target adhesive was KH-RTV-400 silicone adhesive (equipped with a specific
curing agent), created by the Institute of Chemistry, Chinese Academy of Sciences (Beijing
China), and the adhesive diluent was cyclohexane. The adhesive was widely used in the
field of thermal protection, mainly for the adhesion of thermal protection materials to
aircraft surfaces because of its excellent heat resistance. The adhesive mixture was made
using the mass ratio of 100:4:10 for adhesive, curing agent, and diluent, which was given by
the Institute of Chemistry, Chinese Academy of Sciences, then the mixture was used to bond
the aluminum alloy sheet, which has dimensions of 10 x 5 x 2 mm?3 (length, breadth, and
height). To observe pore defects more clearly, the adhesive was applied to the 5 x 5 mm?
overlap region of the bonding joint and the thickness of the adhesive layer was controlled at
0.8 mm. The 3D structure evolution of the adhesive layer was tracked and detected using an
industrial micro-CT (Zeiss, Xradia520 Versa, Oberkochen, Germany). A micromechanical
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test apparatus (CT5000, Deben, Woolpit, UK, 5 kN) with X-ray sources and a detector on
either side was used to scan the sample with a loading rate of 0.1 mm/min and a voxel
resolution of 2.0 um.

2.2. Chromatographic Image Processing and 3D Reconstruction

As seen in Figure 1, the adhesive layer was extracted from the collected original
2D CT slices, and Avizo 2021 software was used to process the 2D CT slices for noise
reduction to smooth out and suppress noise interference during the shooting process and
improve picture contrast. The 3D structure of the adhesive layer was reconstructed using
binarization threshold segmentation technology, and the properties of the pore structure
were examined.
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Figure 1. Reconstruction process of 3D pore structure based on X-ray micro-CT.
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2.3. Finite Element Modeling

To establish an FEA model, the extracted adhesive layer structure (actual size:
4.62 x 4.71 x 0.87 mm?>) was imported into Abaqus 2021 software. The elastic modu-
lus and Poisson’s ratio of adhesive were 6 MPa and 0.47 [21], respectively. The model was
meshed using large-scale hexahedral voxel mesh with the number of 2,625,000, and the size
of each mesh is 36.9 um x 22.4 um x 8.7 um. The sample was subjected to shear action
during the whole experiment, and considering that no interfacial debonding occurred, it
could be considered that the adhesive layer was subjected to shear action on the upper and
lower surfaces. Therefore, the Dirichlet boundary conditions of the model were as follows:
one end was fixed, while the other end was subjected to a displacement of 2 mm along the
y-axis, which simulated shear action during the experiment. This displacement load was
determined according to the maximum displacement at the time of tensile failure.

3. Results and Discussion
3.1. Micro-Failure Mechanisms Based on In Situ X-ray Micro-CT

During the entire tensile process, the micro-failure mechanisms of adhesively bonded
structures are further revealed by using X-ray micro-CT to trace the evolution of pore
structure. The displacement-load curve of the in situ test (Figure 2b) reveals that the curve
appears in three stages. This is because the modulus of rubber materials will manifest
in three stages during the stretching process: the first stage is modulus decline, the sec-
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ond stage is constant modulus, and the third stage is modulus increase [22]. The Payne
effect [23], which refers to the dynamic modulus of rubber material decreasing with in-
creasing strain, can explain the drop in modulus with modest displacement. The primary
cause of the drop in modulus is the internal filler network structure of the rubber material,
which is harmed during the tensile process. Rubber hardening under heavy strain is the
cause of the rising modulus under considerable displacement [24].
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Figure 2. (a) Diagram of in situ X-ray CT setup and test; (b) displacement-load curve of tensile
pre-test; (c) shape of the in situ tensile specimen; and (d—f) the original 3D structure of adhesive layers
at different stages.

Based on the displacement-load curve, three stages—the initial stage, stretched stage,
and the fractured stage—are chosen for CT scanning. The acquired 2D CT slices are
subjected to noise reduction and threshold segmentation using the commercial software
Avizo 2019.2. The 3D reconstruction of the adhesive layer structure is also finished using it.

The pore structure evolution in the adhesive layer at the initial stage and stretched
stage is analyzed (Figure 3), which is highlighted by the distribution of maximum diameter
and sphericity ¥ [25] (Equation (1)).

WIN

75 (6Vp)

¥ = ,
Ap

M

where Vp is the volume of the pores and Ap is the area of the pores.
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Figure 3. (a,b) Pore structure of the initial stage and stretched stage; (c) distribution of maximum
pore diameter; and (d) distribution of pore sphericity.

At the initial stage, the majority of pores are spherical and have sphericity values that
are close to 1. While at the stretched stage, the sphericity drastically reduces and the pores
take on a flat ellipsoid shape. The average maximum diameter increases from 287 um to
388 um at the same time as the diameter of the pore increases with pore deformation. In
the extracted pore structure (Figure 3a,b), this phenomenon could be seen more clearly.
The maximum diameter of a pore increases from 450 um to 600 pm when it changes from
spherical in the initial stage to flat ellipsoid in the stretched stage.

The 2D CT slices at various stages are displayed in Figure 4 to show the crack propa-
gation in the bonded structure under in situ tensile shear. It demonstrates that the pores at
one end of the adhesive layer are connected to the beginning of the macrocrack (Figure 4a).
Additionally, the presence of pores causes a sphere-shaped gap to emerge at the edge of
the adhesive layer. This gap turns into the first point of the crack during the tensile shear
process, and the crack gradually spreads along interior pores, thus resulting in the failure
of the bonded structure.

Microcracks created by four pores are extracted in Figure 4d—f to more clearly illustrate
how pores affect crack initiation and propagation. The four pores exhibit various mor-
phologies at various stages, as seen in the 2D slices. At the initial stage, the pores are round
without a shear effect. The pores then extend as a result of the shear pressure and take
on a squashed shape. At the fractured stage, pores finally unite to form microcracks. The
3D reconstructed morphologies (Figure 4g—i) make it easier to see how the crack evolved.
Under shear strain, the round pores (initial stage) deform into an ellipsoidal structure
(stretched stage). As the tensile load increases, pores begin to break and eventually form a
microcrack at the fractured stage.
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Figure 4. (a—) 2D CT slices of macrocrack evolution; (d—f) 2D CT slices of microcrack evolution; and
(g-1i) 3D reconstruction of microcrack evolution.

The occurrence of adhesive failure around pore defects could be explained by Figure 5.
In the process of tensile shear test, the stress concentration near the pores occurs easily
in the area with pore defects. However, in areas far from the defect, the uneven pressure
distribution is alleviated. Therefore, due to the existence of pores, cracks are easily gener-
ated along the interface around the pores, and once the tip cracks are generated, because
the surrounding pores will also produce stress concentration, the tip cracks will continue
to expand inward along the stress concentration area. The cracks will then spread to the
bonding layer, far away from the pore defects, because the interface strength exceeds the
cohesion strength of the bonding layer, far away from the defect area.

(b) ~  Crack generate (c)

Adherend F ‘ Crack

orce /

—_—

Force
Tensile shear test Failure

Figure 5. Schematic illustration of the fracture mechanism of the joint with pore defects. (a—c) different
stages of tensile shear test.

3.2. Finite Element Analysis

According to the aforementioned findings, the pore structure is closely related to
the bonding failure inside the adhesive layer. The initial adhesive layer of the initial
stage is chosen to illustratively demonstrate the impact of pore structure on the stress—
strain distribution of the adhesive layer during tensile shear operation. To establish a
high-precision model, threshold segmentation, noise reduction, and other treatments are
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carried out. Abaqus 2021 software is then used to establish the FEA model, meshing,
boundary setting, and load loading. The results are displayed in Figure 6. The original
X-ray micro-CT model of the adhesive layer and the established FEA model closely match
each other. Therefore, this series of treatments can better retain the real pore morphology
in the adhesive layer.

Original structure(X-ray CT) FEA model

Figure 6. High-precision FEA model of adhesive layer constructed based on X-ray micro-CT: (a) ex-
traction and meshing of the pore structure in the adhesive layer; and (b) construction and meshing of
the high-precision model of the adhesive layer.

Figure 7 displays the stress and strain contours of the entire model as well as those
close to the pores under a tensile displacement of 2 mm. It is clear that, except for the two
ends of the model, the stress distribution throughout the entire adhesive layer is rather
homogeneous. In the adhesive layer, stress concentration also happens close to the pores
and the equator of the pores experiences the greatest stress. Meanwhile, the sites of stress
concentration are connected by the presence of nearby pores. The strain in the adhesive
layer is also mainly concentrated near the pores [26]. According to the simulation results,
cracks in the adhesive layer will start to appear close to the pores. The nearby pores will
make it simpler for the damage to connect, which will lead to crack propagation along the
pores. This analysis is in good agreement with experimental phenomena in X-ray micro-CT.
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Figure 7. Finite element analysis results of the adhesive layer: (a) stress contour of the whole model;

(b) stress contour near the pores; (¢) minimum principal stress contour near the pores; and (d) strain
contour near the pores.

In order to exclude the influence of mesh size and number on FEA analysis, we
perform a mesh sensitivity analysis, as shown in Figure 8. The maximum stress value of
the model is selected as the target characteristic value, and the effect of the number of mesh
on the maximum stress value is studied. The results show that the maximum stress value
increases with the increase in the number of mesh. As the number of mesh increases to
more than 2.5 million, the maximum stress value does not change, indicating that the mesh
sensitivity has been excluded.

3.2
3.0
2.8
26
24
2.2
2.0
1.8
1.6
1.4
1.2

Max stress /| MPa

—&— mesh sensitivity analysis

1.0 15 20 25 3.0 35 4.0
Mesh number / million

Figure 8. Mesh sensitivity analysis.

The pores in the middle of the adhesive layer are chosen to remove the impact of pore
placement on the maximum stress value. How the equivalent diameter and sphericity of
the pores and the maximum stress value near the pores relate to each other is examined.
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Sphericity does not appear to have a clear relationship with the maximum stress value, as
evidenced by the results, as shown in Figure 9. Although, in the existing literature, some
scholars have pointed out that the shape of the defect can also affect the magnitude of
the stress value [27-30], this phenomenon is generally studied by artificially introducing
defects of different shapes—circle, square and triangle. The shape difference of defects is
huge, which leads to a large difference in stress values. However, in this paper, the defects
are naturally formed, and the shapes are mostly spherical, with little difference in sphericity,
so the stress value has no obvious relationship. Additionally, when the pore diameter rises,
the maximum stress value increases noticeably close to the pores. This phenomenon arises
because as the defect size increases, more load has to be transferred by the remaining
adhesive layer near the pores [31]. Additionally, Crocombe posited the adhesive’s global
yield as a principal mechanism governing the failure of adhesive joints [32]. Failure will
happen when all the parts of the adhesive layer reach a state in which they can no longer
sustain a significant increase in applied load. Thus, it can be predicted that the larger
the pores, the higher the stress value of the adhesive layer near the pores. And once the
stress value there exceeds the maximum value that can be borne, the damage will appear.
The outcome provides a clear explanation of how the aforementioned microcracks form:
damage first manifests itself close to the large pores, then slowly spreads to the neighboring
pores until finally forming the microcracks.
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Figure 9. Relationship between maximum stress value and characteristic parameter of pores:
(a) equivalent diameter; and (b) sphericity.

4. Conclusions

In this paper, for the first time, the in situ X-ray micro-CT combined with FEA was
used to reveal the microscopic failure mechanism of bonded structures, and the following
conclusions can be drawn:

e In situ X-ray micro-CT tensile test monitored the comprehensive process of tensile
failure in adhesively bonded structures in real time. Based on three-dimensional
reconstruction technology, the microstructures of the adhesive layer across different
stages of the tensile process—initial, stretching, and fracture phases—were visible.

e In the initial phase, naturally formed pores within the adhesive layer predominantly
exhibited an ellipsoidal morphology. As load was applied, these pore structures
transformed from an ellipsoid to a flat ellipsoid in the same direction as the stress, and
the sphericity significantly diminished.

e  Macrocracks started at the gap created by the pores and propagated along the pores’
path. Microcracks developed from crack connections between the pores. This phe-
nomenon arose due to stress concentration in areas with pore defects, leading to crack
initiation near these pores. Once the tip crack was generated, it would continue to
expand inward along the stress concentration area, and then spread to the adhesive
layer far away from the pore defects, eventually leading to the tensile failure.
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e  The results of the FEA revealed stress concentrations near the pores, progressively
linking during the tensile process, thereby initiating cracks. The shape of the pores
minimally impacted stress, whereas the size of the pores significantly influenced stress
distribution, because as the defect size increased, more load was transferred by the
remaining adhesive layer near the pores.
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