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Bio-inspired adhesives

Herein, a novel adhesive joint that mimics the structure of the bondline of two biological systems that have
excellent adhesion, gecko and mytilus californianus, was designed. Sacrificial cracks were embedded inside the
adhesive layers to activate new dissipative mechanisms and thus increase the effective interlaminar fracture
toughness. A finite element model (FEM) that considered the progressive damage in the adhesive layer and
decohesion at both adhesive/adherend interfaces was used to understand the damage mechanisms of the bio-
inspired adhesives. Contrary to classical joints that experience interfacial failure, wherein failure occurs at
one of the substrate/adherend interfaces, our bio-inspired joints are characterized by crack bifurcation between
both sides of the bondline. Thus the developed toughening ligaments cause the propagation of secondary and
backward cracks at the lower and upper interfaces under and over the sacrificial cracks, respectively. Such crack
branching and fragmentation together with the energy required to break these ligaments improve the effective
toughness of the adhesive. Increasing the sacrificial crack width and gap between two successive cracks reduces
the toughness through reduction in the allowed surface for secondary and backward crack propagation. The
adhesive properties significantly affect this toughening effect that increases with adhesive strength and failure

strain.

1. Introduction

Joining is a critical step in the fabrication of large structures. Ships
and aircrafts are initially manufactured as small parts that are joined
with each other to form the final complex structure, in which the joint is
often the weakest part. Bolts and rivets are frequently used to join metals
and composites [1]. The effectiveness of these mechanical systems is
controversial in the case of composites because the holes drilled to fix
bolts and rivets destroy the load-bearing fibers, produce large stress
localization, and hence lower the resistance of the main structure. Full
adhesive bonding can eliminate the use of mechanically interlocked
systems (bolts or rivets would be avoided). However, adhesive joints
generate brittle response, which causes safety and maintenance con-
cerns. Moreover, the non destructive testing limitations for detecting
adhesive flaws as kissing bonds remains a major issue that limits the use
of an adhesive joint for structural applications [2,3]. Thus, better ad-
hesive joints, with more progressive damage development, would be
needed. Several techniques have been developed to improve the damage
tolerance of composite joints, such as interleaving [4,5], stitching [6,7],
z-pinning [8,9], adherend treatment [10-13], and thermoplastic and
natural fiber inclusions [14-17]. However, these techniques require
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modifications in the composite structure, which might affect the in-
plane strength of the composite [9].

Biomimetic engineering applies design principles found in nature to
engineered materials and structures [18-20]. For example, researchers
have mimicked the nanoscale design of seashell nacre for designing
composite laminates with improved toughness [21-25]. Other designs
of composite laminates are inspired by trees and their ability to
distribute strains inside the cell walls of wood [26,27]. Researchers have
been also inspired by bones and trees to improve the interfacial bonding
of joints [28-30].

Gecko and mytilus californianus possess mechanisms through which
they can considerably increase adhesion. For example, geckos exhibit
extraordinary adhesion ability both on smooth and rough surfaces even
when inclined [31]. The presence of concave nanospatula on the legs of
the gecko allows the formation of cavities between the leg surface and
the substrate (Fig. 1 (a)). These cavities result in high deformability with
good bonding [32,33]. The bondline achieved in the gecko adhesion
system is depicted in Fig. 1 (a). Another example of biological adhesion
systems is found in mytilus californianus that exhibits excellent bonding
with high adhesion strength in the deep water [34]. The adhesion sys-
tem of mytilus californianus is based on the injection of proteins from the
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plaque to bind the threads to the substrate. The adhesive protein layer
features many porosities and voids, as shown in Fig. 1 (b). These voids
toughen the bond because failure occurs through the breaking of the
protein layer instead of the adhesive/substrate interface.

Inspired by these two biological adhesion systems, we present a
novel bio-inspired structure of the bondline between materials that
improves toughness. Our bio-inspired adhesive simulates the adhesion
bondline of these systems, wherein tailored defects, i.e., sacrificial
cracks, are generated in the bondline. We demonstrate the efficiency of
this approach for composites used in critical applications that require
excellent bonding properties.

To reveal the dissipation mechanisms generated in our bio-inspired
adhesive, we utilized a finite element model (FEM) to simulate its
response under double cantilever beam (DCB) tests and evaluated the
resulting interlaminar fracture toughness. Unlike conventional models,
in which a single layer of cohesive elements is applied to simulate the
whole adhesive layer and all interfaces [35,36], we used multiscale
numerical models to simulate the response of bio-inspired adhesives.
Although the conventional strategy can efficiently simulate delamina-
tion inside composite laminates, wherein the adhesive thickness is zero
and the delamination propagates through the mid-plane between two
adjacent plies [37,38], it cannot accurately simulate thick adhesive
layers, wherein energy dissipation occurs through plastic deformation of
the adhesive layer. Moreover, the conventional strategy fails to consider
complex dissipation mechanisms, such as bridging and adhesive failure.
To overcome these limitations, researchers have developed multiscale
numerical models that consider bridging [39,40] and adhesive layer
thickness [41-43]. Here, we developed an FEM that defined the bond-
line as a bulk material with a progressive damage model. Moreover, we
defined the interfaces with the adherends using two cohesive interfaces
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to allow crack propagation at interface in addition to the bifurcation
between them. Then, parametric studies were performed to identify the
most effective parameters influencing the toughness of the bio-inspired
adhesive.

This article is organized as follows: Section 2, the bonding process of
the developed bio-inspired adhesive, involving the generation of sacri-
ficial cracks inside the adhesive, testing and implementation of the data
reduction method that is explained. The FEM used to simulate the
response of bio-inspired adhesives is also described. In Section 3, the
numerical results are presented together with experimental validation
obtained via testing. Finally, the toughening mechanisms in bio-inspired
adhesives, the effect of crack topology, and adhesive properties are
discussed, followed by conclusions being drawn in Section 4.

2. Methods
2.1. Manufacturing of bio-inspired adhesive joint

Unidirectional carbon/epoxy (T700/M21 Hexply, Hexcel) prepregs
were used to manufacture adherends. The hand lay-up process was used
to stack eight plies of 0.25 mm thickness each in a [0°]g stacking
sequence resulting in a 2 mm adherend thickness. Compression molding
was used to cure the manufactured plates (300 x 300 mm2) under a
pressure of 7 bar at 180 °C for 2 h using a hydraulic hot press. The
heating and cooling rates were maintained constant at 3 °C/min.

After curing, the plates were cut into 250 x 110 mm? subplates
using a water jet machine. Based on our previous work [44], we applied
uniform laser treatment to the adherend surface using a pulsed CO; laser
to improve adhesion between the adhesive and the adherend. For laser
treatment a focal distance of 50 mm, spot diameter of 200 pm, speed of
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Fig. 1. Biological adhesion systems of (a) gecko [31] and (b) mylitus californianus [34]. Adapted from original references with modification and clarification with
schematics [31,34]. (For interpretation of the references to color in this figure legend, the reader is referred to the web version of this article.)
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1500 mm/s, pulse frequency of 60 kHz, and laser power of 22.5 W were
used. Then, we submerged the subpanels for 10 min in acetone, dried
them at 60 °C for 30 min, and air-cleaned them.

We used Araldite 420 A/B as the adhesive at a thickness of 0.4 mm to
bond adherends. The manufacturing of our bio-inspired adhesive was
done in four steps as illustrated in Fig. 2(a). The first step is the treat-
ment of the adherends using laser as stated previously. The second step
is the distribution of an equal amount of adhesive over each adherend
reaching a thickness of 200 pm using a spatula leading approximately to
an adhesive thickness of 400 pm. We also used copper wire of 400 pm
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diameter at the sub-plate edges to control the adhesive thickness. In the
third step, we introduced a non-adhesive Polytetrafluoroethylene
(PTFE) film of 18 pm thickness inside the adhesive bondline to create
sacrificial cracks; we used a laser to cut the PTFE film into rectangular
pieces of predefined width, c. Then, we placed the film with ¢ = 2 mm
and the gap between two successive films, g, on each adherend was 12
mm (2 g + ¢), as shown in Fig. 2. A 60 mm long PTFE film was placed to
generate the initial crack in the samples. In the fourth step, to generate
offset form the mid-plane, h,, of the sacrificial cracks with h, = 120 pm,
we placed copper wires (diameter; 120 pm) over one of the adherends at
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Fig. 2. Bonding process: (a) Schematic of the bio-inspired joint bonding steps and main geometrical parameters, (b) picture of the adherends during bonding. (For
interpretation of the references to color in this figure legend, the reader is referred to the web version of this article.)
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20 mm intervals across the plate width, as shown in Fig. 2. After bonding
the two adherends, the PTFE film (with sacrificial cracks) was stretched
from both sides. As the sample width was 20 mm, these copper wires
were cut during sample cutting (marked with red arrows in Fig. 2(b)).
After bonding, we placed the bonded sub-panels in furnace at 60°C for
30 min under vacuum and at the same temperature for 3 h without
vacuum followed by holding at room temperature for 24 h.

2.2. Experimental tests

DCB tests were performed following the ASTM D5528-13 standard as
shown in Fig. 3 to characterize the mode I interlaminar fracture
toughness of our bio-inspired joint. The bonded sub-panels were cut into
samples of 20 mm width and 150 mm length. Then, the samples were
sprayed with white color to better visualize their damage mechanisms.
Then, aluminum blocks were glued to the adherends using the same
epoxy (Araldite 420) to enable load application (see Fig. 3). The tests
were performed using a universal testing machine (Instron 2885) under
displacement control at a loading rate of 1 mm/min. In-situ crack
growth and damage mechanisms were monitored using a high-
resolution camera (Canon EOS-1Ds). In total, three samples were
tested for each configuration. The R-curve of the tested DCB specimen
was obtained using Hashemi et al. [45] closed-form solution, wherein
the beam compliance computed using the simple beam theory. The
fracture toughness value, G;, and the corresponding effective crack
length, ay, were evaluated as:

9 P |}
G = {Z BiEnJ M

1
5-B-W*-E. |}
ey = {T} —Ch (2)

where P is the load, § is the applied displacement at loading point, B is
the sample width, E,y is the in-plane modulus in the fiber direction, I is
the second moment of area, h is the adherend thickness, and ¢ is a
correction factor that compensates for the assumption that the compli-
ance at the crack root is zero; this differs from the real response in which
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some deflection and rotation occur at the crack tip [46,47]. { can be
computed as:

- )t )

where y :%(EXXEW)%,EW is the in-plane modulus in the direction

perpendicular to fiber direction and Gy, is the in-plane shear modulus.

2.3. Finite element modeling

We used a two-dimensional plane-strain (2D) FEM to predict load-
displacement and R-curve responses of bonded joints loaded as DCB
specimens. We modeled the real volume of the adhesive layer placed
between two carbon fiber reinforced polymer (CFRP) adherends to
enable the formation and propagation of damage mechanisms inside the
adhesive and consider the existence of the adhesive thickness effect. The
details of the model are specified in the following. The adherends, which
are unidirectional T700/M21 CFRP laminates, were described using an
orthotropic linear elastic model with E,, = 125 GPa, E,, = 7.8 GPa,
Gyy = Gy = 5.1 GPa, Gy; = 2.79, GPa, vy, = 1x; = 0.33, and vy, = 0.4
[40]. The adhesive’s elastic response was described using isotropic
linear elastic model. The elastic response continued until the yield
strength, o,, was attained, following which isotropic hardening occurred
until the ultimate strength, o,, was attained. Once the applied stress
reached the adhesive strength, adhesive failure occurred following a
slow linear softening until the damage variable equaled 0.15 in the
ABAQUS built-in ductile damage evolution model; consequently,
markedly faster softening occurred until the final failure, €. The effects
of critical strength and strain values were investigated and the chosen
study values will be given later in this section. The stress-strain response
of the adhesive is shown in Fig. 4. We utilized Q4 plane strain elements
(CPE4R elements in the size of 0.1 mm) with reduced integration to
mesh both the adherends and the adhesive.

We defined interfaces between the adherends and the adhesive by
placing bilinear cohesive elements at the upper and lower interfaces. We
used a maximum stress initiation criterion with the same critical stress o,

[T
Loadin bIocksI

4

Ligt source )

L

Fig. 3. Experimental DCB test set up. (For interpretation of the references to color in this figure legend, the reader is referred to the web version of this article.)
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Fig. 4. Schematic of the 2D model with sacrificial cracks. The sacrificial cracks located at the center and that wave inside the adhesive layers are shown in the
zoomed area together with the stress-strain response of the adhesive and traction separation law. (For interpretation of the references to color in this figure legend,

the reader is referred to the web version of this article.)

in each mode. Therefore, once one of the stress components at both
interfaces (normal or shear) reaches the critical stress, a crack initiates at
that interface. Then, the crack propagation followed the mode inde-
pendent criterion determined by the opening fracture energy G. The
cohesive parameters, i.e., cohesive strength (6, = 19 MPa) and interface
fracture energy (G = 0.28 N/mm), were characterized in an earlier study
[48] via the three-point bending tests and DCB, respectively. The stiff-
ness of the cohesive elements was obtained by dividing the adhesive
stiffness by the cohesive element thickness, which gave the value of 1.5
x 107 Pa. Weak cohesive properties (6. = 1 MPa and G = 0.01 N/mm)
were assigned to the first cohesive element at the lower interface (see
Fig. 5(e)) to ensure crack initiation at this interface, which was guided
by the precrack generated during experiments. Owing to the presence of
sacrificial cracks, crack migration is expected between the upper and
lower interfaces, thus generating adhesive ligaments.

The sacrificial crack seams inside the adhesive layer with length c
were generated through the built-in ABAQUS model, leaving a gap (g)
between two successive cracks. Herein, we considered that the sacrificial
cracks had a vertical offset from the mid-plane, h.. A special case was
considered with centered cracks (h, = 0), as shown in Fig. 4. The
baseline model was built using the same modeling approach with
cohesive elements defined at both interfaces. We verified the sensitivity
of the model using coarse (16420 elements in the size of 0.2 mm), fine
(39920 elements in the size of 0.1 mm), and very fine (77920 elements
in the size of 0.05 mm) meshes.

The adherends, interfaces, and adhesive were divided as different
features in a same ABAQUS part. Therefore, no interaction was specified
between these structural components. Opening displacement (15 mm)
was prescribed on the left ends of both upper and lower adherends and
the right end was free of loadings, as shown in Fig. 4. The standard

(static) implicit solver was used to solve the DCB problem considering
the geometric nonlinearity.

Parametric studies were performed using the implemented model to
study the effect of adhesive strength, failure strain, and adhesive layer
topology (sacrificial crack width, the gap between two successive cracks,
offset from the mid-plane, and adhesive thickness) on mode I fracture
toughness. First, we studied the effect of the crack length, c =1, 2, and 3
mm, and offset from the mid-plane, h, = 0, 80, and 120 pm, for a con-
stant gap of g = 5 mm.

Then, we studied the effect of different gap, g =5, 10, and 15 mm, at
a constant crack length (c = 2 mm). Then, the effect of varying adhesive
thicknesses, h, = 0.2 and 0.4 mm, was studied for samples with ¢ = 2
mm and g = 5 mm. Finally, to study the effects of adhesive properties,
the adhesive strength and strain were set as 0.5 and 2-fold those of
Araldite 420 A/B (ultimate strength, 6, = 37 MPa and failure strain,
= 0.2), respectively. For the study of the adhesive strength, we kept the
adhesive strain constant as 0.2. For the study of the adhesive failure
strain, we kept the adhesive strength constant at 37 MPa. For the
baseline joint, the elastic modulus and yield strength of the adhesive
were constant (E = 1500 MPa, o, = 27 MPa and v = 0.3) as extracted
form the literature [40,49], except at o, = 18.5 MPa, where o, = 18
MPa.

The samples were identified based on their adhesive topology. For
example, the sample with ¢ = 2 mm, g = 5 mm and h.= 120 pm was
labeled “C2g5-hc120”. The adhesive properties for all the simulations
were defined as the properties of the real adhesive (6, = 37 MPa and &
= 0.2) unless stated otherwise. Additionally, the adhesive thickness was
0.4 mm for all configurations unless stated otherwise.

The R-curve of the simulated DCB specimen was obtained using the



A. Wagih et al.

80 T T T T T
Coarse mesh

Fine mesh

Very fine mesh ]
- - - Analytical (G = 0.28 N/mm)
S50F 1

701

60

30F 1

10 7

6, mm
(a)

80 T T T T T
Coarse mesh
Fine mesh
Very fine mesh| |

70t

50r 1

30r 7

10} .

6, mm

()

Weak cohesive element

Coarse

(e)

Weak cohesive element

Composites Part A 149 (2021) 106530

0.5 T :
04F :
g L _
g 0.3
~
Z
B 02F :
o1t Coarse mesh
Fine mesh
Very fine mesh
0 "
0 50 100 150
Qeff, MM
(b)
0.6 T :
05F .
04 :
g
8
z 03 _
<)
02F _
Coarse mesh
0.1 Fine mesh
Very fine mesh
0 :
0 50 100 150

e ff, I

(d)

Weak cohesive element

Very fine
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response and G —a curve of different meshes of bio-inspired joint and (e) the different meshes considered. (For interpretation of the references to color in this

figure legend, the reader is referred to the web version of this article.)
closed-form solution [45], which is explained in Section 2.2.

3. Results and discussion

3.1. Finite element model validation

Fig. 5 shows the load-displacement and R-curve for the DCB test

simulation of the 0.4 mm-thick baseline adhesive joint (joint without
sacrificial cracks) meshed using three different mesh sizes. The results
were compared with the analytical solution presented in Eq. 1 for the
crack propagation part of the curve, whereas the linear elastic part of the
curve was compared with the linear elastic solution according to simple

beam theory, P = ; (iEf:éf [47]. The figure shows that the response pre-
0

dicted using the coarse mesh deviates from the analytical solution;
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however the response predicted using the fine and very fine meshes are
identical (G = 0.2801 N/mm and 0.2804 N/mm for fine and very fine
meshes) and fit well with the analytical solution. Moreover, the mesh
sensitivity analysis for the bio-inspired joint shows that the fine and very
fine mesh responses are identical. Therefore, we used the fine mesh for
the whole simulations. It needs to be noted that interfacial cohesive
elements exhibited higher normal stress compared to the shear stress
(more than 30 times), indicating an opening dominant failure at
interfaces.

Fig. 6 compares the FEM predictions and experimental load-
displacement and R-curves for the baseline joint and bio-inspired joint
with ¢ = 2 mm, g = 5 mm, and h, = 120 pm; an excellent correlation
exists between predicted and experimental results for the baseline joint
at the propagation stage because the interface toughness that was fed to
the model was determined experimentally, and the average fracture
toughness was 0.28 N/mm. However, at the initiation of the propaga-
tion, the simulation load and toughness were underestimated. This is
due to the initiation of the crack at the adhesive layer mid-plane in the
experiments, where the pre crack exists. Then, the crack propagates
inside the adhesive layer until reaching the lower interface, which
required more energy to propagate. However, in the simulation, we
forced crack initiation at the lower interface. The model predicted the
experimental load-displacement curve and R-curve of the bio-inspired
joint well. The load-displacement curve and R-curve for the bio-
inspired joint differed from those for the baseline joint, wherein the
propagation load is relatively smooth for the baseline joint while it
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propagates in sawtooth shape for the bio-inspired joint. This difference
between the global shape of the curves reflects the change in the crack
propagation mechanisms.

3.2. Toughening mechanisms in the bio-inspired adhesive

Fig. 7 shows the load-displacement curve and R-curve of C2g5-hc120
together with the baseline joint with 0.4 mm adhesive thickness. The
responses of both joints were identical in terms of elastic deformation
and damage initiation up to “Point 1”. Following Point 1, the baseline
joint exhibited smooth crack propagation at the lower interface resulting
in a smooth R-curve. However, the bio-inspired joint exhibited load
drops up to “Point 2” owing to the stiffness loss caused by the sacrificial
crack. Between “Points 2 and 3”, crack propagation at the lower inter-
face was inhibited, and the whole energy exerted was converted to
elastic deformation of the adhesive layer which increase stress concen-
tration at the upper interface. The stress concentration at that interface
caused crack migration from the lower interface to the upper interface,
forming two adhesive ligaments: one between the upper adherend and
adhesive, and the other between the lower adherend and adhesive
(Fig. 7(c)). These two ligaments increased the energy storage in the
system through their elastic deformation. Additionally, two new dissi-
pation mechanisms occurred owing to the adhesive’s plastic deforma-
tion. These mechanisms included crack propagation at the lower
interface under the sacrificial crack, l, and the propagation of the
backward crack at the upper interface over the sacrificial crack, I, as
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Fig. 6. Comparison between FEM and experimental results for the (a and b) baseline joint and (c and d) C2g5-hc120. S01, SO2 and SO3 refer to the three samples
tested for each configuration. (For interpretation of the references to color in this figure legend, the reader is referred to the web version of this article.)
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Fig. 7. Toughening mechanisms in bio-inspired adhesive joints (a) P —& curve, (b) R-curve and (c) damage states corresponding to different points marked in a and b.
The results correspond to the C2g5-hc120 joint with adhesive thickness of 0.4 mm. (For interpretation of the references to color in this figure legend, the reader is

referred to the web version of this article.)

shown in Fig. 7(c). Altogether, crack migration, ligament deformation,
secondary crack propagation, and backward crack propagation,
increased the strain energy release rate from 0.23 N/mm at “Point 2” to
0.44 N/mm at “Point 3”, as shown in Fig. 7(b). The energy stored at
“Point 3” includes the elastic energy of the ligament deformation that is
recovered when the ligaments break. Notably, the damage mechanisms
observed numerically at “Point 3” are identical to those observed
experimentally as shown in Fig. 7(c).

After “Point 37, the load decreased to “Point 4” owing to the
breakage of the ligament between the upper interface and adhesive.
Once this ligament was broken, the stored elastic energy was used to

propagate the main and secondary cracks, thus compensating for the
loss of the elastic energy; hence, slight load and energy reduction
occurred. Additionally, part of the released energy is converted into
kinetic energy that dissipates in the form of an elastic wave. After “Point
4” the system could dissipate energy in the secondary crack propagation
until the lower ligament broke (Fig. 7(c)), resulting in a sudden load and
energy drop, as shown in Figs. 7(a) and (b), respectively. Therefore, the
energy at “Point 5” is the energy dissipated during the propagation of
different damage mechanisms, including nonlocal mechanisms, the
propagation of the secondary and backward cracks, kinetic energy
dissipation in the form of elastic waves and ligament breakage. Although
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the ligament thickness was small, 0.4 mm, the energy required to break
these ligaments was considerably higher than that required to propagate
a crack at the interface; this is because the fracture energy of the ad-
hesive was higher (3 N/mm [49]) that of the interface (0.28 N/mm).
Thus, according to linear elastic fracture mechanics, the energy required
to break a unit of the adhesive ligament was 10.7-fold larger than that
required to propagate a crack at the interface.

Noteworthy, the proposed bio-inspired adhesive joint generated a
safe response after the ligament broke. For example, after “Point 57, the
energy for crack propagation increased from 0.37 to 0.5 N/mm, indi-
cating an improvement compared to the baseline joint that generates an
unstable response as shown in Fig. 7(a).

In the R-curve, for these bio-inspired adhesive joints, two toughness
values are shown using green and red dashed lines in Fig. 7(b). The
green line, Gr, represents the total energy in the system without liga-
ment breakage. This value includes the elastic energy that is temporarily
stored in the ligaments and does not fairly represent the dissipation in
the joint. The red dashed line, Gy, represents the fracture energy dissi-
pated via different damage mechanisms and gives the critical fracture
energy of the system. Thus, the fracture toughness value is assigned
based on a conservative value at the red line. This fracture toughness
represent the energy dissipated at the minimum load after the load-drop
in the load-displacement curve. However, the real toughness might be
slightly larger if we consider the energy dissipated between the
maximum and the minimum load after ligament break as discussed in
previous works [50-52].

3.3. Influence of the bio-inspired adhesive’s topology

Fig. 8 shows the effect of offset from the mid-plane, h., on the load-
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displacement curve, R-curve, and damage mechanisms in bio-inspired
joints with 0.2 mm adhesive thicknesses. In addition, a baseline test
for the same adhesive thickness was performed for comparison. For
sacrificial cracks located at the center of the bondline, h, = 0, cracks
always propagated at the lower interface, inhibiting the formation of
ligaments and hence the dissipation in the secondary and backward
cracks. This case, h. = 0, proves that ligaments formation generates high
energy dissipation because if the energy dissipated via ligament plastic
deformation and breakage is identical to crack propagation, then the
load-displacement response and fracture energy should be lower than
those of the baseline joint. The energy dissipated after 66 mm of crack
propagation reached the same energy level as that of the baseline.
However, in this case, 10 sacrificial cracks existed, indicating that the
propagated crack path was reduced by 20 mm. Hence, the energy lost
because of sacrificial cracks was compensated by the energy dissipated
in the adhesive break. The summation of the adhesive breakage at 10
sacrificial cracks was 2 mm. Therefore, 2 mm propagation in the adhe-
sive was equivalent to 20 mm propagation at the interface, highlighting
the role of the adhesive break as an important source of energy dissi-
pation in our bio-inspired joints.

For h, > 0, the response was almost the same for h, = 80 and 120 pm.
This indicates that if the offset from the mid-plane is introduced to break
the symmetry, crack migration occurs and adhesive ligaments are
formed, resulting in secondary and backward crack propagation, which
improves the system fracture energy, and the exact value of h, is not
significant. The total energy stored in the system before ligament break,
G, was 0.37 N/mm, and the fracture energy, G, was 0.32 N/mmy; this
energy was 0.28 N/mm for the baseline joint. Notably, the energy ex-
hibits progressive increase with increasing the effective crack length due
to the accumulation of energy dissipated in adhesive ligament breakage.
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Fig. 8. Effect of sacrificial crack offset from the mid-plane, h., on the response of bio-inspired adhesive joints (a) P —§ curve, (b) R-curve, and (c) the state of damage
corresponding to different h. and a schematic representation of the crack path. The results correspond to a joint with adhesive thickness of 0.2 mm. (For inter-
pretation of the references to color in this figure legend, the reader is referred to the web version of this article.)
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Comparing the total and fracture energy of C2g5-hc120 obtained at
adhesive thicknesses of 0.2 and 0.4 mm, respectively, revealed higher
total and fracture energies for the latter thickness (Fig. 7(b) and 8(b)).
This is because of the larger volume of adhesive breaking when the
adhesive is thicker, which dissipates more energy. Moreover, thick lig-
aments formed in the thick adhesives break at a higher load, enabling
further propagation of the secondary and backward cracks, I, = 0.9 and
0.4 mm and I, 0.2 and 0.1 mm for thick and thin adhesives,
respectively.

The effect of the sacrificial crack length, c, on the P —§ and R-curve of
the bio-inspired composite with an offset from the mid-plane of h, =120
pm and adhesive thickness of 0.4 mm is shown in Figs. 9(a) and (b).
Increasing ¢ reduces the maximum load and mode I toughness of the
joint through the reduction of the energy dissipated in nonlocal damage
mechanisms, crack migration, secondary and backward cracks, and
ligament break. The increased c reduces the number of ligaments formed
as well as secondary and backward cracks, which reduces the global
energy dissipated by the system. Moreover, for small c, the allowed area
for crack propagation increases, thereby increasing the fracture tough-
ness. Therefore, the activation of the nonlocal damage mechanisms is
associated with the presence of cracks rather than the crack length. After
a sacrificial crack is generated, even at a length of 1 mm, the nonlocal
damage mechanisms are activated and higher energy dissipation occurs,
improving the fracture toughness. Notably, the total energy, Gr, is
reduced with increasing ¢ owing to the reduction in the number of
broken ligaments that store the elastic energy.
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The effect of the gap between two successive sacrificial cracks, g, on
the DCB response of the bio-inspired joint is shown in Figs. 9(c) and (d).
As expected, increasing g reduces the interlaminar fracture toughness
due to the reduction in the number of ligaments formed. This
improvement in fracture toughness is proportional to the number of
broken ligaments, the length of secondary and backward cracks, and the
total length allowed for crack propagation. Increasing g increases the
allowed length for crack propagation, which improves fracture tough-
ness. However, it reduces the generation of nonlocal damage mecha-
nisms expressed by the number of crack migrations and ligaments,
which prevents fracture toughness improvement. The negative effect of
increasing g (the reduction in the number of ligaments) is larger than the
positive effect (increasing allowed crack propagation area) in which the
fracture toughness globally decreases. Therefore, for the current anal-
ysis, a joint with small ¢ and small g, C1g5, exhibits the best Gy
improvement (67%) over that of the baseline, achieving G, = 0.47 N/
mm against (G = 0.28 N/mm).

3.4. The effect of adhesive properties on a bio-inspired joint

The adhesive’s mechanical properties can be easily tailored in
bonded joints owing to the availability of commercial adhesives with
distinct properties and the ability to tailor certain properties, such as
strength or failure strain, using different materials: e.g., ceramics
[53,54], metals [55], and thermoplastics inclusions [56-58]. The effect
of adhesive strength, ¢, and failure strain, €, on the DCB response of
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Fig. 9. Effect of the sacrificial crack width, c, and the gap between two sacrificial cracks, g, on the response of bio-inspired adhesive joints with h, = 120 pm and h =
0.4 mm (a and b) effect of c and g on P —§ and R-curve (c and d). (For interpretation of the references to color in this figure legend, the reader is referred to the web

version of this article.)
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C2g5-hc120 is shown in Figs. 10 and 11, respectively. These figures
show the significant effect of both properties on the P —§ and R-curve
responses. The joint maximum load and fracture toughness are pro-
portional to the adhesive strength. Doubling the adhesive strength from
37 MPa (Araldite adhesive strength) to 74 MPa improves the fracture
toughness from 0.36 to 0.74 N/mm. In the current bio-inspired joint, the
nonlocal damage mechanisms result from crack migration to the other
interface (Section 3.2) and create an adhesive ligament that prominently
participates in the dissipation. Doubling the adhesive strength inhibits
ligament break and allows larger propagation of secondary and back-
ward cracks, as shown in Fig. 10(c). For the largest adhesive strength, o,
= 74 MPa, the secondary and backward cracks equal [y = 7 mm and [, =
1.0 mm, compared to [, = 0.9 mm and [, = 0.2 mm for the adhesive with
a strength of 37 MPa. Reducing the adhesive strength to half, 18.5 MPa,
makes it lower than the strength of the baseline joint, causing earlier
breakage of the ligament before the propagation of the secondary and
backward cracks. Therefore, despite the crack migrating to the other
interface, the secondary and backward cracks do not propagate, and the
only extra dissipation mechanism is ligament breakage as shown in
Fig. 10(c). In this case, owing to the adhesive’s lower strength, the en-
ergy required to break these ligaments is relatively small; thus, the
global fracture energy is slightly smaller than that of the baseline joint.

The effect of adhesive failure strain on the P—§ and R-curve re-
sponses of the bio-inspired joint is shown in Fig. 11. Increasing the
failure strain improves the P —§ and R-curve responses. Increasing the
failure strain to 0.4 increases the joint maximum load to 81.4 N
compared to 62.1 N and 55.6 N for the bio-inspired joint with a failure
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strain of 0.2 and the baseline joint, respectively. Moreover, G, increased
to 1.04 N/mm compared to 0.36 and 0.28 N/mm for the bio-inspired
joint with a failure strain of 0.2 and the baseline joint, respectively.
This improvement is attributed to the higher failure strain of the liga-
ments, which allows larger ligament deformation. Therefore, larger
propagation of the secondary and backward cracks occurs, Iy = 7 mm
and [, = 1.6 mm, dissipating more energy and thus improving the
fracture toughness. Decreasing the failure strain to 0.1 reduces the
deformability of the adhesive ligaments, causing earlier ligament
breakage. Therefore, the secondary crack propagation is very small, [, =
0.1 mm, whereas the backward crack propagation is inhibited, causing
lower energy dissipation and hence lower fracture toughness, G, = 0.28
N/mm; this fracture toughness is lower than that of the bio-inspired joint
with a failure strain of 0.2 and equal to that of the baseline joint.

Our results showed that the fracture toughness of the bio-inspired
joint can be tailored by changing either the adhesive strength or fail-
ure strain. These two properties can be easily tailored using thermo-
plastics, metals, and ceramics and enable the designing of bonded joints
with different toughness values using the same adhesive. The fracture
toughness of the same adhesive can be increased by 264 % by
strengthening the proposed bio-inspired adhesive with factor of 2.
Moreover, the toughness can be increased by 371 % by increasing the
failure strain by a factor of 2. Additionally, the toughness can be
adjusted for specific applications at a certain level by controlling both
parameters. It is valuable noting that for adhesives with very high failure
strain or strength, where long bridging occurs as shown in Fig. 10(c), the
failure process zone is very large reaching the material characteristic
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Fig. 10. Effect of adhesive strength on the response of C2g5-hc120 with 0.4 mm thickness (a) P —é curve, (b) R-curve, and (c) damage evolution maps for different
strengths. (For interpretation of the references to color in this figure legend, the reader is referred to the web version of this article.)
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length. In this case, the linear elastic fracture mechanics laws became
inapplicable anymore and nonlinear mechanics laws such as J-integral
and cohesive models should be applied to characterize the interface
properties [59]. Thus, the crack propagation response become a function
of the geometry of the joint and hence caution should be considered for
fracture toughness characterization of the joint and application of
different toughness tests such as DCB and climbing drum peel tests
should be performed [51].

4. Conclusions

Herein, we developed a novel bio-inspired adhesive joint with
improved interlaminar fracture toughness by generating sacrificial
cracks inside the adhesive layer with specific topology that activates
nonlocal dissipation damage mechanisms through the development of
bridging ligaments. We simulated the DCB test of our bio-inspired ad-
hesive joint using a 2D FEM, that considers the simulation of the ad-
hesive layer as a bulk material with linear elastic response followed by
the application of the softening law until complete failure. The model
also considers debonding at both adhesive/adherend interfaces ac-
cording to bilinear cohesive law. The presented model was validated
with the experimental results for conventional and bio-inspired joint of
CFRP plates developed in the study.

The results show that the damage mechanisms in our proposed bio-
inspired adhesive differ from those of baseline adhesive joints. Unlike
conventional adhesive joints, wherein the crack propagates at the lower
adhesive/adherend interface, the crack migrates to the upper interface
at the sacrificial crack position in the bio-inspired adhesive. This crack
migration allows the formation of the adhesive ligament between the
upper and lower adherends and the adhesive, leading to the propagation
of a secondary crack at the lower interface under the sacrificial crack
together with the propagation of a backward crack at the upper interface
over the sacrificial crack. The simultaneous propagation of these two
cracks, dissipates more energy during fracture. Moreover, when the
ligament deformation reaches its maximum deformability, it breaks,
dissipating more energy. Therefore, in our bio-inspired adhesive, we
activate three dissipation mechanisms, secondary and backward crack
propagation and ligament breakage, which increase the energy dissi-
pation and improve fracture toughness. Decreasing the sacrificial crack
width and gap between two successive cracks improves the toughness
due to the increase in the allowable surface for secondary and backward
crack propagations. The adhesive properties significantly affect the
toughness of the bio-inspired adhesives, wherein toughness increases
with increasing adhesive strength and failure strain.

The proposed bio-inspired adhesive demonstrated herein can
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improve the interlaminar fracture toughness of bonded joints and pro-
vide progressive damage manner of the joint, thus improving safety and
toughness in structural composite applications. However, from appli-
cability point of view for real-life structure bonding, more research has
to be done to simplify the manufacturing process. Moreover, the possi-
bility of using random cracks inside the adhesive because the major
requirement of the technique is to break the symmetry of the sacrificial
cracks (by introducing the crack offset, h;), which might simplify the
manufacture process needs to be investigated.
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