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Enhanced mode II fracture toughness of secondary bonded joints using 
tailored sacrificial cracks inside the adhesive 
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A B S T R A C T   

The mode II fracture toughness of secondary bonded joints can be improved by creating tailored sacrificial cracks 
inside the adhesive. To this end, we inserted a PTFE film inside the adhesive bondline during the bonding process 
to create sacrificial cracks inside the adhesive. We demonstrated the efficiency of this technique through ENF 
tests that characterize mode II fracture toughness of adhesive-bonded CFRP adherends. We ascribed the 
improvement in toughness to the reduction of the strain concentration at the crack tip, which delayed the crack 
propagation and thus improved joint initiation fracture toughness, GIIi, and the maximum load capacity, Pmax. 
Moreover, after crack propagation, sacrificial cracks arrested the crack propagation at the upper interface, grew 
secondary backward cracks at the lower interface, and created adhesive ligaments. These three damage mech
anisms dissipated more energy during propagation, which improved the propagation fracture toughness, GIIc. 
The improvement rates depend on the sacrificial crack width and the gap between two successive cracks reaching 
96%, 98%, and 25% for GIIi, GIIc and Pmax, respectively, for a 2 mm sacrificial crack width and 5 mm gap. Our 
approach works well for both thin and thick adhesives and is a simple technique to substantially enhance the 
toughness of secondary bonded joints.   

1. Introduction 

Most composite structures are made by combining smaller parts that 
are manufactured separately. Mechanical fastening, and adhesive 
bonding are the most common methods. Traditional fasteners usually 
require drilling holes in the structure and different machining processes, 
which may cause initial internal damage in the composite part, such as 
matrix cracks and delaminations. Moreover, cutting the fibers causes a 
decrease in the load carrying capacity of the part, which requires extra 
material, and thus increases the structure weight [1]. Bonded joints are 
increasing popular alternatives to mechanical joints in engineering ap
plications due to their advantages over conventional mechanical fas
teners. Among these advantages are lower stress concentrations, 
increased strength-to-weight efficiency, and improved damage toler
ance [2]. The application of these joints in structural components made 
of fiber reinforced composites has increased significantly in recent years. 
However, the catastrophic failure of these joints limits their application 
as a primary joining technique for structural applications. These adhe
sive joints usually fail in an unstable manner once a crack is initiated 
because the crack can propagate very rapidly, thus causing catastrophic 

failure. To this end, efforts have been made in the literature to arrest 
crack propagation, not only by improving the adhesive-adherend 
interface toughness but also by improving the R-curve response of 
these joints, and ultimately avoid catastrophic failure can be avoided. 

Several techniques are presented in the literature to improve fracture 
toughness of bonded joints. We can categorize these techniques as 
adherend-based modifications and adhesive-based modifications. The 
adherend-based modifications mainly increase the surface roughness of 
the adherend using methods such as sanding, grit blasting, and peel-ply 
[3–5], which allows better adhesion at the interface and thus improves 
interface toughness. Despite the effectiveness of sanding and grit blast
ing to produce relatively rough surfaces, the joints are still not reliable 
because both methods are manually operated, which introduces a large 
variation in the joint strength and toughness. Moreover, these tech
niques can cause fiber damage at the interface, which reduces the 
adherend strength [6]. Peel-ply is applied to overcome the disadvan
tages of these techniques; however, its applicability for large structures 
is limited because it must be applied before adherend curing [4]. 
Recently, UV, CO2 and femtosecond laser treatment [7–9] have been 
applied to increase adherend surface roughness. A previous study 
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proposed [10] the application of CO2 laser treatment with alternating 
high and low energy for both adherends to produce two different surface 
roughness, which activates nonlocal damage mechanisms. These dam
age mechanisms dissipate higher energy during propagation, thereby 
improving the fracture toughness. Additionally, the same treatment 
strategy has been applied to improve Mode I fracture toughness [11,12]. 

On the other hand, adhesive-based modification has been proposed 
in several studies, including z-pinning and stitching [13–16], ceramic 
additives [17,18] and thermoplastic inclusions [19–21]. However, 
although z-pinning and stitching improve the fracture toughness of a 
bonded joint, the in-plane strength and stiffness are severely reduced 
due to fiber waviness [13]. 

Another approach consists in tailoring the microstructure of the 
composite to improve a particular property. This method is sometimes 
applied for composites to improve their fracture toughness. For 
example, Chudnovsky and Wu [22], reported improved fracture 
toughness with a large array of microcracks parallel to the main crack. 
The toughness improvement was due to the dissipation of energy in 
these microcracks and their elastic deformation. Recently, Bullegas et al. 
[23] applied the same philosophy to improve translaminar fracture 
toughness of thin-ply laminates. They achieved a 3-fold improvement in 
fracture toughness by generating microcracks with certain patterns 
along the crack path. Maloney and Fleck [24] embedded woven copper 
mesh inside the adhesive of a metallic bonded joint with sequential 
insertion of defects on alternating surfaces of adherends to improve the 
fracture toughness of bonded joints. 

Inspired by this philosophy, here we propose the generation of 
tailored sacrificial cracks inside the adhesive bondline to improve mode 
II fracture toughness of secondary bonded joints. We use a PTFE film 
with a designed width to generate these sacrificial cracks during the 
bonding process. We study the effect of sacrificial crack width and the 
effect of the gap between two successive cracks to understand the 
mechanisms that leads to improved fracture toughness. We perform an 
ENF test and apply an effective crack length data reduction method to 
characterize mode II fracture toughness. We employ a digital camera to 
capture real time photos of the sample edges during the test and X-Ray 
micro-computed tomography (μ-CT) to identify the internal damage 
mechanisms. We analyze thin and thick adhesives with thicknesses of 
0.3 and 0.8 mm to identify the applicability range of our proposed 
technique. Thus, the paper is organized as follows: in the next section, 
we describe in detail the bonding process followed to generate sacrificial 
cracks inside the adhesive, the tests that we carry out and the data 
reduction method that we use. Then, in the third section, we present the 
experimental results obtained during the test. Finally, we discuss the 
results to highlight the toughening mechanisms of bonded joints with 
sacrificial cracks, the topology effect of these cracks, and the adhesive 
thickness effects. 

2. Experiments and methods 

2.1. Specimen preparation 

We used unidirectional tape prepreg carbon/epoxy (T700/M21 
Hexply, Hexcel) to manufacture the adherends of secondary bonded 
joints. We used the hand lay-up technique to stack eight plies of 0.25 mm 
thickness to produce adherends with [0∘]8 stacking sequence and 2 mm 
thickness. After laying up of the 300 × 300 mm2 panels, we used 
compression molding to cure these plates. We compressed the samples at 
7 bar pressure and 180 ∘C for 2 h using a hydraulic hot press that was 
programmed with constant heating and cooling rates of 3 ∘C/min. We 
followed the ASTM standard recommendations to characterize the 
elastic material properties of the manufactured adherends, which are 
summarized as: In-plane elastic modulus, E11 = 135 ± 6 GPa; out-of- 
plane elastic modulus, E22 = 8.75 ± 0.27 GPa; in-plane shear modulus, 
G12 = 4.93 ± 0.14 GPa; in-plane Poisson’s ratio ν12 = 0.29 ± 0.01. 

We used an abrasive water jet machine to cut adherends from the 

manufactured panels. First, we trimmed 15 mm from the panel edges. 
Then, we cut the panels to 270 × 90 mm2, i.e., three sub-panels. the 
major dimension was aligned with 0∘. 

Based on our previous work [10], we applied uniform laser treat
ment, using a CO2 pulsed laser, to the adherend surface to improve 
adhesion between the adhesive and the adherend. The parameters used 
for laser treatment were: focal distance = 50 mm, Spot diameter = 200 
μm, speed = 500 mm/s, pulse frequency = 20 kHz, and laser 
power = 22.5 W. After that, we submerged the sub-panels for 10 min in 
acetone, dried them at 60∘C for 30 min and air-cleaned them. 

We also used laser also to create rectangular cutouts in a non- 
adhesive Polytetrafluoroethylene film (PTFE) that acted as sacrificial 
cracks inside the adhesive layer. The uncut parts of the PTFE film 
(referred as B in Fig. 1 (a)) acted as cracks inside the adhesive layer since 
they have very low adhesion with adhesives, while the adhesive is 
continues through the cutouts (referred as g in Fig. 1(a)). 

2.2. Adhesive bonding with tailored sacrificial cracks 

We used Araldite 420 A/B adhesive (Elastic modulus = 1.5 GPa and 
Tensile strength = 36 MPa) to bond adherends after laser treatment. The 
bonding process was performed in three steps. First, we spread 
approximately half the thickness of the adhesive layer over one of the 
adherends. Then, we placed the PTFE film with cutouts over the first half 
of the adhesive layer. After that, we spread the other half of the adhesive 
over the second adherend and bonded them together. The bonding steps 
are shown in Fig. 1(a). After bonding, we placed the bonded sub-panels 
in a furnace at 60∘C for 30 min under vacuum and at the same temper
ature for 3 h without vacuum followed by storing at room temperature 
for 24 h. Finally, we cut each bonded sub-panel into three samples of 
260 mm × 25 mm, where the major dimension was aligned with the 
fiber direction. 

2.3. ENF test and data reduction method 

We used the ENF test (see Fig. 2) to characterize the Mode II fracture 
toughness of secondary bonded joints with tailored sacrificial cracks. We 
followed the ASTM D7905 standard for the sample size with slight 
modification on the ratio of half-span length (L) to initial crack length 
(a0) to achieve stable crack propagation. Carlsson et al. [25] reported 
that a a0/L ratio should be equal or larger than 0.7 to achieve stable 
crack propagation. However, in the current study, with this parameter at 
a0/L = 0.7, the crack propagation was not stable. Following a review of 
more recent works, we noted that the value of a0/L needed to achieve 
stable crack propagation can vary widely. For example, Hashemi et al. 
[26] studied different a0/L ratios, 0.5–0.7, and demonstrated that all the 
considered values gave unstable crack propagation. Moreira et al. [7] 
achieved stable crack propagation with a0 = 80 mm and L = 120, giving 
an a0/L = 0.67. Budzik et al. [27] achieved stable crack propagation 
with a0 = 44 mm and L = 90, giving an a0/L = 0.49. More recently, 
Pérez-Galmés et al. [28] performed an ENF test for two different adhe
sive materials with a0 = 35 mm and L = 60 mm, giving an a0/L = 0.58. 
They achieved stable crack propagation when testing one kind of ad
hesive but unstable crack propagation for some sample of the other 
adhesive. Based on this review, we performed several trials to reach our 
own a0/L that achieved stable crack propagation [10]. We designed our 
experiment with a0/L = 0.44, which achieved stable crack propagation 
for all the considered configurations. We placed a steel wire with 
diameter equal to the adhesive thickness between the two adherends, 
5 mm from the support at the free edge, to ensure non-contact between 
the adherend’s ends [7,27]. We applied displacement under a 
displacement control regime with a 0.5 mm/mm strain rate, and used a 
digital camera to monitor the crack growth evolution from the sample 
edge. Moreover, we synchronized these in situ photos with the load 
displacement data to explore the relationship between different external 
damage morphologies and the load-displacement response. We designed 
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our test matrix as shown in Table 1 to study the effect of sacrificial crack 
width, B, and the gap between two successive sacrificial cracks, g, and 
adhesive thickness, ha. 

We used the effective crack length-based data-reduction method to 
overcome the difficulties of monitoring crack growth during loading. In 
the ENF test, due to compressive stresses in the crack growth path, the 
crack tends to grow at the interface while its surfaces are in contact. 
Moreover, the thick adhesive, 0.8 mm in some cases, leads to large 
deformation in the Failure Process Zone (FPZ), which results in larger 
energy dissipation. Additionally, the high ductility of the adhesive 
contributes to the increasing FPZ, which also increases the energy 
dissipation. Therefore, the effective crack-length based data-reduction 
method is adequate in this case because it considers all these dissipa
tion mechanisms. In this method, we used Timoshenko Beam Theory 
(TBT) to compute the specimen compliance under bending as [10,29]: 

C=
δ
P
=

3a3 + 2L3

8bh3Ef
+

3L
10G13bh

(1)  

where G13 is the adherend flexural modulus and Ef is the equivalent 
flexural modulus. To calculate Ef , we substitute the initial crack length 
a0 and initial compliance C0, that were computed at the early stage of 
loading, in Eq. (1), which then leads to: 

Ef =
3a3

0 + 2L3

8bh3

(

C0 −
3L

10G13bh

)− 1

(2)  

where ae was calculated using Eq. (1). By taking into account Ef , Eq. (1) 
can be written as a function of the specimen compliance as follows: 

ae =

[
Cc

C0c
a3

0 +
2
3

(
Cc

C0c
− 1

)

L3
]1/3

(3)  

Fig. 1. Schematic drawing of secondary adhesive bonded joints with sacrificial cracks (a) and photos of the PTFE film insertion process (b).  
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where 

Cc =C −
3L

10G13bh
;C0c = C0 −

3L
10G13bh

(4) 

According to linear elastic fracture mechanics, GII can be computed 
as: 

GII =
P2

2b
dC
da

(5) 

Finally, by substituting Eq. (1) into Eq. (5), the direct relation be
tween GII and ae can be approximated as: 

GII =
9P2a2

e

16b2h3Ef
(6)  

2.4. Postmortem analysis 

We employed X-Ray micro-computed tomography (μ-CT) to identify 
the internal damage modes in some of the tested specimens. For better 
visualization of the damage and due to the fact that the two adherends 
were not completely separated after testing, we inserted a thick steel 
strip of 2 mm thickness between the adherends in the unbonded area. 
We used 60 kV voltage, 100 μA intensity, 250 ms exposure time, 
11.27 μm voxel size, and a 26 mm field of view to gather 2500 pro
jections of the specimen. We used CT Pro 3D to reconstruct the obtained 
projections. 

2.5. Finite element simulation 

We simulated the elastic response of the ENF test with sacrificial 
cracks using the ANSYS commercial FE software to observe strain state 
changes after embedding sacrificial cracks in the thin and thick adhe
sives. We used 2D plain strain elements to simulate the adherends and 
the adhesive layer. We defined the indenter as a rigid body with a pilot 

node, where the displacement was applied. We used a surface-to-surface 
contact algorithm to define contact between the indenter and the upper 
surface of the adherend. For the sake of simplicity and to avoid unnec
essary contact surface, the contact between the lower adherend and the 
roller supports was substituted with an equivalent boundary condition 
by constraining x and y displacements of the node in the lower right 
corner and constraining the y displacement of the node in the lower left 
corner. The node in the lower left corner of the upper adhered was 
constrained in the y displacement to simulate the presence of the steel 
wire (see Fig. 3). We defined fully bonded interface between the adhe
sive and adherend, and employed the linear elastic material model to 
define both adherends and adhesive using the elastic properties previ
ously reported in Section 2.1 and 2.2, respectively. Nonlinear static 
analysis was activated for the solver. 

3. Results 

Fig. 4 shows the load-displacement (P − δ), effective crack length- 
displacement (ae − δ), and mode II fracture toughness-crack length 
(GII-ae) curves (R-curve) of the three samples tested for BL-T008 and 
G05B02-T008. This figure verifies the good repeatability of the test with 
stable crack propagation. Fig. 4(a) shows the method of defining crack 
initiation as the deviation of sample compliance (C) from the initial 
fitted linear compliance (C0) of the sample (red line in the figure). Once 
sample compliance (C) becomes 5% larger than the initial defined 
compliance (C0= 1/125 mm/N, in S01), the TBT method defines crack 
initiation. Note that due to plastic deformation in the adhesive before 
crack initiation, the ae computed here using the TBT method is larger 
than the real crack length [27]. The displacement and load at crack 
initiation is different due to the slight difference in stiffness between 
samples. 

The R-curve computed using the TBT method shows good repeat
ability for the three samples (Fig. 4(b)). From this figure, we can extract 
two main characteristics: the initiation and propagation fracture 
toughness, GIIi and GIIc, respectively. The GIIi is defined at the initiation 
of the crack, ae = 40 mm, while the GIIc is defined when a fairly constant 
value of G(a) is achieved. We computed the mean value of the three 
samples, which are plotted in the figure. We use this mean value in the 
following subsections unless specifically stated otherwise. 

Fig. 4(c) and (d) shows the P − δ, ae − δ, and GII-ae curves of sample 
G05B02-T008. Unlike the P − δ response of BL-T008, where the load 
increases up to a maximum value then decreases very quickly due to 
crack propagation, the P − δ response of G05B02-T008 shows a load 
increase up to local maximum value followed by a slight load decrease 
and then a load increase again (descending stair steps). This cycle of 
increased load followed by a decrease, is repeated until final failure at 
δ = 25 mm. Moreover, this sample shows a larger maximum load and 

Fig. 2. Experimental test (a) setup and (b) schematic representation of ENF specimen and test geometry.  

Table 1 
Test matrix of sacrificial crack insertion.  

Label g, mm B, mm ha, mm  

BL-T008 0 0 0.8 
G05B02-T008 5 2 0.8 
G05B05-T008 5 5 0.8 
G10B02-T008 10 2 0.8 
G10B05-T008 10 5 0.8 
G15B02-T008 15 2 0.8 
G15B05-T008 15 5 0.8 
BL-T003 0 0 0.3 
G05B02-T003 5 2 0.3  
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displacement and ae at failure compared to BL-T008. The R-curve of 
G05B02-T008 is slightly different to BL-T008 as well, where a step-wise 
response is observed after ae ≃ 70 mm. Additionally, G05B02-T008 
shows larger GIIi and GIIc. These differences in the P− δ and GII-ae sug
gest different damage mechanisms during crack propagation. 

Table 2 shows the maximum load, Pmax, the initiation and propa
gation fracture toughness (GIIi and GIIc, respectively), and the percentage 
increase compared to the baseline samples for all the tested samples. A 
global trend is evident, whereby samples with sacrificial cracks always 
show larger load and fracture toughness. 

4. Discussion 

4.1. Toughening mechanisms 

Fig. 5 shows representative P − δ and G − ae curves for the baseline 
sample (BL-T008) and the sample with a sacrificial crack (G05B02- 
T008). For the BL-T008 sample, we observe typical P − δ and G − ae 
curves, where the load increases until a maximum load is reached and 
then decreases rapidly due to the rapid propagation of the crack [10]. 
For the G05B02-T008 sample, the load increases up to a local maximum 
load (“Point a” in Fig. 5(a)), which is larger than the Pmax for the 
BL-T008 sample. At this point, the crack initiates at its tip, as shown in 
Fig. 6(a). The existence of the sacrificial crack 5 mm from the crack tip 
generates two new spots for stress concentration inside the FPZ, as 
marked with red circles in Figs. 6(a) and Fig. 7. These new spots 

Fig. 3. FE model used for simulation elastic response of ENF test with sacrificial cracks.  

Fig. 4. ENF test response of BL-T008 and G05B02-T008: (a,c) P − δ and ae − δ curves and (b,d) GII-ae curves, respectively. The red solid line in (a) represents the 
linear fitting of the elastic stiffness used to define crack initiation in the TBT method. (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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redistribute stresses inside the FPZ, which reduces the stress concen
tration at the crack tip at the same displacement level and hence retards 
the crack initiation as shown in Fig. 4. 

To verify the strain redistribution, we employed the FE model with 
and without sacrificial cracks. The displacement at which the crack 
initiates is defined experimentally at the crack initiation displacement 
determined by the TBT method (sample without sacrificial film, BL- 
T008) equals ≃ 6.3 mm. At this displacement, the strains at the inter
face reaches the critical interface strain, at which the crack grow. We 
applied this measured displacement to the indenter and recorded 
maximum von Mises strain at the crack tip at this displacement for the 
baseline sample. This strain is considered as the interface strain and 
equals 0.345. For samples with sacrificial crack (G05B02-T008), we 
applied the same displacement and recorded the maximum von Mises 
strain at the crack tip, which equaled 0.323. Therefore, to propagate a 
crack, more displacement had to be applied at the interface with the 
sacrificial film. This higher displacement achieves a larger initiation 
fracture toughness (see Fig. 5(b)) due to the higher deformation of the 
adhesive layer at the sacrificial crack. 

Once the crack initiates at “Point a”, the load decreases until “Point 

b”, at which a secondary crack initiates from the sacrificial crack tip and 
propagates backward (in the opposite direction to the main crack 
propagation) at the lower interface, as shown in Fig. 6(b), which arrests 
the crack propagation at the upper interface. The decrease in the load 
between “Point a” and “Point b” corresponds to the small plateau in the 
R-curve at the same points (Fig. 5(b)). 

Increasing the applied displacement, the load increases again while 
the backward secondary crack grows, forming an adhesive ligament 
until “Point c”. Between “Point b” and “Point c”, the material dissipates 
energy to grow the secondary crack at the lower interface and to elas
tically deform the adhesive ligament, which leads to increased fracture 
energy from 6.4 N/mm at “Point b” to 8.9 N/mm at “Point c”. At this 
point, the stress concentration at the next sacrificial crack tip reaches the 
interface strength, resulting in crack growth at the upper interface, as 
shown in Fig. 6(d). The crack growth continues until “Point d”, resulting 
in decreased load, at which a secondary crack grows backward at the 
lower interface (Fig. 6(d)). 

It is notable that the maximum load, Pmax, achieved for G05B02- 
T008, 1380 N, (obtained at “Point c”) is larger than BL, 1256 N. Due 
to the propagation of a secondary crack and the compressive force that 
are transferred locally to the other interface, the propagation of the 
primary crack is governed by a mixed mode propagation, which requires 
larger load to propagate the crack. Therefore, to propagate the crack in 
the presence of secondary cracks, associated with the sacrificial cracks 
existence, larger load should be exerted, which increase maximum load 
that the joint can sustain (improved Pmax for joints with sacrificial 
cracks, see Table 2). 

The same scenarios between “Point b” and “Point c” and between 
“Point c” and “Point d” are then repeated between “Point d” and “Point 
e” and between “Point e” and “Point f”, resulting in increased fracture 
energy and a plateau in the R-curve, respectively, as shown in Fig. 5(b). 
Note that even when the main crack reaches the indented area at 
δ = 25.9 mm, the joint can sustain a high load due to the presence of the 
unbroken ligaments, as shown in Fig. 6(g). The presence of these liga
ments keeps the two adherends in contact, which is not the case in the 
baseline joint, where a complete separation between adherends occurs, 
resulting in a complete loss of the joint stiffness and strength. Fig. 8 
shows the 3D μ-CT micrograph and slices of G05B02-T008 after 
unloading the sample, reflecting the contact between the upper and 
lower adherends through the ligament. However, some cracks appear 
inside the ligament due to the large shear stresses in the adhesive 
ligament. 

4.2. Effect of sacrificial crack topology 

Fig. 9 shows that both the sacrificial crack width and the gap be
tween the two successive cracks influence the P − δ and G − ae 

Table 2 
Summary of maximum load, Pmax, initiation and propagation fracture toughness, 
(GIIi and GIIc, respectively), and the percentage of improvement (% Imp.) for all 
the tested samples. Samples with g = 15 mm failed in a catastrophic manner, and 
thus GIIc could not be measured.  

Label Pmax(N)  % 
Imp. 

GIIi (N/ 
mm) 

% 
Imp. 

GIIc (N/ 
mm) 

% 
Imp. 

BL-T008 1256 ±
55  

– 0.55 ±
0.19  

– 8.34 ±
0.43  

–  

G05B02- 
T008 

1380 ±
42  

10 1.71 ±
0.25  

211 12.56 ±
0.53  

52 

G05B05- 
T008 

1250 ±
63  

0 1.05 ±
0.31  

91 9.40 ±
0.21  

12  

G10B02- 
T008 

1537 ±
102  

22 1.91 ±
0.54  

256 10.69 ±
0.60  

28 

G10B05- 
T008 

1406 ±
47  

12 1.82 ±
0.19  

230 9.11 ±
0.33  

9  

G15B02- 
T008 

1468 ±
87  

18 1.96 ±
0.28  

247 – – 

G15B05- 
T008 

1435 ±
69  

14 1.83 ±
0.42  

213 – –  

BL-T003 935 ± 39  – 0.52 ±
0.11  

– 3.17 ±
0.55  

– 

G05B02- 
T003 

1168 ±
72  

25 1.02 ±
0.23  

96 6.29 ±
0.37  

98  

Fig. 5. Representative sample of P − δ and G − ae curves of BL-T008 and G05B02-T008 under the ENF test.  
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responses. The solid curves and their corresponding dash curves of the 
same color in Fig. 9 show the effect of the gap between the two suc
cessive cracks, g, of width B = 2 and 5 mm, respectively. All samples 
with sacrificial cracks show larger Pmax, GIIi and GIIc. A sacrificial crack 
of 2 mm width and 5 mm gap improves the Pmax, GIIi and GIIc by 10%, 
211% and 52%, respectively. The Pmax improvement rate and GIIi are 
increased to 22% and 256% for g = 10 mm. This improvement is due to 
the larger path of the secondary crack to grow at the lower interface, 
which allows more energy dissipation and hence higher initiation frac
ture toughness. Moreover, the presence of the sacrificial crack initially 
out of the FPZ of the initial crack allows larger deformation inside the 
adhesive layer, which stores higher elastic energy inside the adhesive at 
the tips of the sacrificial crack and hence improves Pmax and GIIi. Despite 
this improvement, the GIIc improvement rate reduces to 28% due to the 
incomplete fracture process, as shown in Fig. 9(a). In this figure, we 
observed a decreased load at δ = 18.7 mm and a slight increase at 

δ = 19.3 mm, corresponding to “Point a” and “Point c” in Fig. 5(a) for 
g = 5 mm. However, the mechanism of the secondary crack growth and 
the formation of ligaments is not repeated at the next sacrificial crack 
due to the higher stored energy at this stage, which leads to catastrophic 
failure. Even with the incomplete fracture process, GIIc is still larger than 
the baseline joints. Further increasing g to 15 mm leads to earlier failure 
of the joint with catastrophic failure due to the higher energy stored 
inside the adhesive layer as a result of the larger deformations at the 
sacrificial crack. 

Increasing the crack width decreases Pmax, GIIi and GIIc due to the 
reduced interfacial length that allows cracks to grow at both interfaces. 
For B = 5 mm, the interfacial length that allows for crack propagation is 
reduced by 3 mm at each sacrificial crack compared to B = 2 mm. Ac
cording to linear elastic fracture mechanics, the fracture toughness is 
proportional to the crack length; thus, the reduced crack length in this 
case results in reduced fracture toughness. Again, this is true for all 

Fig. 6. Example of the sequence of crack propagation during ENF test of modified adhesive with sacrificial crack. The figures are taken for sample G05B02-S01 
corresponding to points marked in Fig. 5. 
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cases; however, the percentage of improvement for B = 5 mm is less than 
that for B = 2 mm, the Pmax, GIIi and GIIc are still larger than the baseline 
joint, as shown in Fig. 9(c) and (d). 

4.3. Effect of adhesive thickness 

Fig. 10 shows that the improvement of Pmax and fracture toughness 
due to the sacrificial cracks is larger for thin adhesives. For G05B02- 
T003, Pmax, GIIi, and GIIc are improved by 25%, 96%, and 98%, respec
tively, compared to BL-T003. For thin adhesive bondlines, the FPZ is 
small, and stresses are very concentrated at the crack tip, resulting in 

earlier crack growth and hence lower strength and toughness than 
thicker adhesive bondlines, as shown in Fig. 10 [30]. The presence of 
sacrificial cracks redistributes the stresses inside the adhesive layer, 
which increases the FPZ and hence retards the crack propagation. The 
FEM results for the thin adhesives are shown in 11, which provide an 
explanation why the sacrificial crack method is so effective for thin 
adhesives. In this figure, we applied displacement for baseline joint until 
the maximum strain reaches the critical interface strain, as determined 
for the thick adhesive = 0.345. The displacement that achieves this 
strain level equals 4.7 mm. For the sample with sacrificial crack and at 
the same displacement level, the maximum strain equals 0.254 (see 
Fig. 11), achieving 26.4% strain reduction compared to a 6.7% reduc
tion for the thick adhesive (see Fig. 7). To achieve the critical interface 
strain at which cracks initiate, we increased the applied displacement to 
6.05 mm, achieving 28.7% increased displacement compared to 3.6% 
for thick adhesives. 

5. Conclusions 

In this work, we present a novel technique to improve secondary 
bonded joints mode II fracture toughness based on creating tailored 
sacrificial cracks inside the adhesive layer. We demonstrated that the 
presence of sacrificial cracks inside the adhesive layer improves GIIi, GIIc 
and Pmax. With 2 mm sacrificial crack length and 5 mm gap, we achieved 
improvements of 211%, 52% and 10% for GIIi, GIIc and Pmax, respec
tively. The improved load capacity was due to the propagation of a 
secondary crack and the compressive force that are transferred locally to 
the other interface, which make the propagation of the primary crack is 
governed by a mixed mode propagation and hence requires larger load 
to propagate the crack. The improved fracture toughness was due to the 
growth of a secondary crack at the lower interface, which arrested 
growth of the crack at the upper interface and formed adhesive liga
ment. Moreover, the dissipation of more energy due to deformation of 
the created ligaments contributed to higher fracture energy. Increasing 
the gap to 10 mm improved Pmax and GIIi due to the increase of the 
allowed interfacial length for the secondary crack to propagate at the 
lower interface. However, once the first sacrificial crack was passed, 
catastrophic failure occurred due to the excess stored energy in the 
system, resulting in a reduced improvement in GIIc. Increasing the 
sacrificial crack width reduced the fracture toughness due to the 

Fig. 7. Von-Misses strain maps of BL-T008 and G05B02-T008 samples.  

Fig. 8. 3D μ-CT micrographs of G05B02-T008 sample and 2D micrographs through the sample width.  
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reduction of the interfacial length that allowed crack propagation to 
occur at the lower interface. Our technique was more effective for thin 
adhesive bondlines than for thick adhesives due to the larger increase of 
the FPZ in the thin adhesives with embedding sacrificial cracks. 

From applicability point of view, the proposed method can be 
automated in manufacturing real structures by adding the PTFE film 
with previously generated cutouts over the adhesive layer prior to 
bonding. Moreover, for thermoplastic adhesive the PTFE film can be 
sued as a carrier for adhesive layer and built the adhesive tape over the 
PTFE film with required sacrificial crack width and gap. In view of our 

results that proved the improved Mode II toughness by embedding 
sacrificial cracks inside the bondline, and based on the fact that the crack 
initiation in single and double lab joints is governed by mode I, while 
crack propagation is governed by Mode II crack propagation due to 
shear stresses [31,32], we expect toughness improvement of the single 
and double lab joints. However, we recommend to extend this study to 
evaluate the effectiveness of embedding sacrificial cracks inside adhe
sive joints under mode I and mixed mode propagation. Additionally, it is 
advised to apply the proposed method for structural joint such as: single- 
and double-lap and T-joints to evaluate the efficiency of this method in 

Fig. 9. Effect of sacrificial crack width and the gap between two successive cracks on ENF test response: (a) P − δ, (b) G − ae and (c and d) summary of Pmax, GIIi and 
GIIc with respect to B and g. 

Fig. 10. Effect of adhesive thickness on ENF response of baseline samples and samples with sacrificial cracks.  
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real application structures. 
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