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A B S T R A C T   

This article investigates the effects of voids, joint geometry, and test conditions on the quasi-static Mode I 
fracture performance of thick adhesive Double Cantilever Beam (DCB) joints such as those prevailing in wind 
industry and shipbuilding. The specimens were made by glass fiber reinforced epoxy adherend and SikaPower®- 
830 epoxy adhesive in the cm thickness range. Side-grooved shape guided the crack propagation direction and 
assisted stable propagation, while lower cross-head displacement rates reduced the occurrence of unstable crack 
propagation and prevented crack deflection. Porosities, which are inevitable due to the high viscosity of the 
adhesive, led to unstable propagation and promoted crack path deviations. They could also decrease the apparent 
fracture energy release rate (SERR) since the crack surface is reduced. In conclusion, grooved DCB joints with low 
void content tested at low displacement rates showed stable crack propagation without significant crack path 
deviation. This method enables comparison with future adhesive formulations and the refinement of full-scale 
blade models.   

1. Introduction 

With the market share of wind energy keeps growing during the last 
several years [1], recent developments in wind energy constantly push 
for larger wind turbine rotor blades (WTRB) to achieve lower energy 
cost [2]. The large WTRBs today, reaching or exceeding 100 m in length, 
[3], are typically constructed by assembling several composite compo-
nents with structural adhesives. The bondline thickness in these massive 
structures is within the cm range and varies along the length of the 
blades. 

The failure of these thick adhesive joints was observed from post- 
mortem examinations and full-scale WTRB experiments, which 
showed that WTRBs fail usually after damage initiated and propagated 
in the thick adhesive joints under complex stress states [4–6]. None-
theless, investigations of the thick adhesive joints’ fracture behavior are 
scarce in the literature and remain limited to Mode I fracture, due to the 
test configuration simplicity [7–10]. 

Double cantilever beam tests have been widely used for the inves-
tigation of the Mode I fracture behavior of thin adhesively bonded joints 
with metallic and composite adherends. However, adapting the relevant 
standards and the experimental techniques for examining thick adhesive 

joint configurations is challenging, since undesired phenomena, such as 
crack propagation deviation and unstable crack propagation, are 
observed in such tests making the investigation more complicated and 
the interpretation of the results for deriving meaningful fracture data 
doubtful. 

The crack propagation path is difficult to be guided or predicted in 
advance in thick joints. For example, Lopes Fernandes et al. [7] inves-
tigated thick DCB joints with epoxy adhesive layers and glass fiber 
reinforced epoxy adherends and observed that cracks deviated rapidly 
from the midplane of the joint. Bautista Villamil et al. [8] also reported a 
similar behavior. The crack path changed from the middle plane of the 
adhesive layer to inside the adherend and propagated within the 
adherend as a mixed-mode delamination. Saleh et al. [9] fabricated 
thick DCB adhesive joints with about 8 mm thick epoxy adhesive layer 
and steel adherends. The crack growth started from the interface pre- 
crack, and finally propagated at the middle plane of the adhesive 
layer. In conclusion, stable cohesive failure within the adhesive layer 
without any crack deviation has not been achieved for DCB joints with 
thick adhesive layers. 

Changing crack path is not a unique characteristic for thick adhesive 
joints, since similar behavior has been reported for adhesive joint 
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experiments with thinner adhesive layers (<5mm) under Mode I, Mode 
II and mixed-mode conditions both in quasi-static and fatigue loading 
[11–14]. The initial pre-crack was located at the interface between the 
adhesive and adherend. To induce cracks at various layers within the 
adherend, the pre-crack area of the adherends was then polished to 
different depths. During the quasi-static and fatigue tests, the crack path 
was observed to change, and roving bridging was noted in quasi-static 
tests. As a result, the corresponding SERR curves exhibited a rising 
and then declining trend. 

Simple beam theory (SBT), corrected beam theory (CBT), and 
experimental compliance method (ECM) are already used for these 
aforementioned pultruded composite joints [11–14]. These three 
methods are still applicable for thick adhesive joints, while the calcu-
lation of SBT needs to be modified to include the influence of adhesive 
layer on second moment of inertia. In addition, the implementation of 
Penado-Kanninen model was also reported for SERR calculation, where 
the beam was partially unsupported and partially bolstered by elastic 
foundation [7]. 

A grooved-shape design has been proposed for pure material DCB 
tests by Mostovoy et al. [15]. They evaluated the possibility of adding 
crack-directing side grooves to test bulk materials, such as metal, 
because during these tests, even if unstable crack propagation occured, 
the crack-arrested position would remain within the grooved plane. It is 
also proven to be beneficial in controlling the crack propagation direc-
tion [16]. After this, many material studies were established on grooved 
specimens [16–19]. A similar principle has been applied to thin adhesive 
joints. Komatsu et al. [20] narrowed the width of epoxy adhesive layer 
to prevent the plastic deformation of steel adherend. However, these 
new geometrical configurations, such as grooved shapes, were not 
introduced in the past to facilitate the investigation of thick adhesive 
joint behavior avoiding the aforementioned crack path deviation 
problems. 

Unstable crack propagation, also called as stick–slip crack propaga-
tion behavior [21] is another fracture behavior that needs to be 
considered. It is commonly observed during thin adhesive joint tests. 
The reason is complex, including the type of adhesive, loading rate, test 
environment temperature, the difference between crack initiation en-
ergy and propagation energy, as well as the presence of voids [21–24]. 
However, for thin adhesive joints, even though stick–slip takes place, the 
crack is constrained by the adherends, so the arrested position is still in 
the middle of the joints. The occurrence of this phenomenon can extend 
to joints with a thick adhesive layer, even though not found in published 
literature. Besides, compared with thin adhesive joints, the adherends’ 
constraint is less pronounced within thick adhesive joints, so the arres-
ted position is unpredictable and may deviate from the middle plane of 
the joints. 

Previous research has established that propagation stability of thin 
adhesive joints is affected by loading rate, which varies with the type of 
adhesives. Blackman et al. [24] investigated thin epoxy adhesive joints 
where stick–slip crack propagation was detected within a certain range 
of loading rates, i.e. from 0.1 m/s to around 15 m/s. When the loading 
rate is smaller than 0.1 m/s or higher than 15 m/s, stable crack propa-
gation was observed. Schmandt et al. [25] studied hyperelastic poly-
urethane adhesive with a J-integral method. They claimed similar 
results. When the cross-head velocity was smaller than 0.01 mm/s or 
larger than 1 mm/s, crack propagation instability tended to abate. 
Modifying the loading rate is an effective strategy to prevent stick–slip 
propagation in thin adhesive joints, and this approach may also be 
extended to thick adhesive joints. 

Besides these well-known features shared between thin and thick 
adhesive joints, one significant difference is the presence of voids. 
Degassing and pressure are enough to eliminate most large voids for thin 
adhesive joints, except for joints with aluminum adherends, since voids 
were observed in the thin adhesive layer between aluminum adherends. 
This was attributed to air adsorption of the heavily deformed aluminum 
surfaces, which led to void formation within the adhesive layer by 

diffusion [26,27]. In contrast, it is more intricated for thick adhesive 
joints, which are made from very viscous epoxy pastes, which exhibit a 
yield stress behavior for better deposition during blade assembly. Due to 
the size, viscosity and manufacturing process, large voids always exist 
within the thick adhesive layer [28,29]. Although several possible ways 
of avoiding large voids are proposed, such as mixing under vacuum and 
centrifuging the mixed adhesive, these methods still cannot eliminate all 
the internal voids [30,31]. Voids could lead to the decrease of bonding 
area and stress concentration and cause premature failure. For example, 
Florian et al. [32] conducted sub-component tests and concluded that a 
single defect is not harmful while many defects would reduce the fatigue 
lifetime of the component. Nevertheless, few researchers have been able 
to draw any conclusion from systematic research into the influence of 
voids. The majority of the research on this topic has been mostly 
restricted to the influence of a single void on the behavior of thin ad-
hesive joints, whereas the void content influence on thick adhesive joint 
fracture behavior is still not well understood [33–35]. 

The literature review showed that the presence of voids, the loading 
rate, and the side grooves are parameters affecting the fracture perfor-
mance of thin adhesively bonded joints. To the authors’ knowledge, the 
impact of the side grooved shape on thick adhesive joint behavior has 
not been explored and the effect of loading rate on stick–slip propaga-
tion has not been examined for thick adhesive joints. The influence of 
the average void content is also unclear, as prior research only focused 
on individual voids. 

This study investigates the effect of the aforementioned factors on 
the fracture behavior of thick adhesive joints by conducting DCB quasi- 
static mode I experiments and tries to identify the best experimental 
conditions (loading rate) and the limits of geometrical parameters 
(specimen geometry and grooves) and manufacturing defects (voids) 
aiming at guiding the crack to propagate stably within the middle plane 
allowing the estimation of the adhesive SERR based on the three com-
mon methods used for thin adhesive joints. 

The scope of this study is constrained to the particular bonded joint, 
and the elucidation of the fracture behavior refers to the bonded joint 
specifically rather than the adhesive in isolation. 

2. Materials and methods 

DCB joints were made with glass fiber reinforced epoxy adherend 
and epoxy adhesive. The composite adherend was manufactured with 
vacuum assisted infusion process. Unidirectional glass fibers were sup-
plied by GIVIDI FABRIC S.R.L. with areal weight of 430 g/m2. The epoxy 
resin and hardener were EPIKOTE™ Resin MGS RIMR 135 and EPI-
KOTE™ Resin MGS RIMH 137 respectively. 

The Sikapower®-830 (SP830) adhesive used for the joints was sup-
plied by Sika technology AG. It is a two-component epoxy adhesive, 
intended for wind turbine blade manufacturing. The curing process for 
this adhesive involves heating to 70 ◦C for four hours, according to the 
datasheet. Although SP830 has adequate yield stress rheology for blade 
manufacturing, its high viscosity leads to joint manufacturing problems, 
including difficulties in controlling the thickness and the void content. 
Two different fabrication methods were followed in this work to avoid 
these problems. For the SERR calculation, elastic modulus of adherend 
and adhesive is required, which is determined by tensile test in accor-
dance with ASTM standard D3039 and D638 [36,37]. 

2.1. Coupon tensile specimen fabrication and test method 

2.1.1. Adhesive 
Type I dog-bone SP830 adhesive specimens according to ASTM 

D638-22 [36] were manufactured within a metal mold. Sika liquid wax 
815 was applied to the metal mold before manufacturing as demolding 
agent. After demolding, the specimen edges were polished and metal 
tabs were glued with Jowat® Cyanoacrylate Adhesives. A universal 
testing machine (Walter + Bai AG, Switzerland, 125 kN capacity) 
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equipped with a 10 kN load cell with ± 0.5 % accuracy and a contact 
extensometer with ± 1 µm accuracy were used for the tensile experi-
ments at a constant deformation rate of 2 mm/min. 

2.1.2. Composite 
Composite [90/0]S laminates were manufactured with vacuum 

infusion and cured at room temperature for 24 h and then underwent a 
post-curing process, which involved a low-speed temperature ramp for 
2 h from 20 ◦C to 60 ◦C, followed by 9.5 h at 60 ◦C, and finally 6 h at 80 
◦C. Prismatic specimens of 25 mm * 250 mm were water-jet cut from the 
aforementioned laminates at 0◦. Prior to testing, DIC pattern was 
sprayed on one side of the specimens and aluminum tabs of 25 mm * 45 
mm were glued with Jowat® Cyanoacrylate Adhesives. Tensile experi-
ments were performed with a universal testing machine (Walter + Bai 
AG, Switzerland with a 50kN load cell) with load accuracy of ± 0.5 % at 
a constant deformation rate of 2 mm/min. The deformation was moni-
tored by a two-dimension (2D) Digital Image Correlation (DIC) system. 
An optical microscope (Keyence VHX-5000) was used to collect side 
cross-sectional pictures for thickness measurements. 

2.2. DCB joint fabrication and test method 

Cross-ply laminates [90/0]7S with an average total thickness of ca. 
9.5 mm, fabricated under the same conditions as the tensile specimens 
discussed in the previous paragraph were used for the adherends. No 
special surface pre-treatment was applied, except the protection with 
the peel-ply that was only removed before the joint fabrication. Con-
trolling the thickness of the adhesive through the use of spacers proved 
to be challenging. The intuitive fabrication method involves the place-
ment of spacers to establish the thickness, filling the resulting cavity 
with adhesive, and flattening the surface by removing any excess ma-
terial with a scraper. Nevertheless, the scraper could remove more ad-
hesive than desired because of its high viscosity, hindering the quality of 
contact between the top adherend and the adhesive. In light of this, the 
establishment of good contact between top adherend and adhesive layer 
was achieved by using additional spacers that were inserted and 
removed during the process, as shown in Fig. 1. In this method (Method 

I), adhesive material was added in two stages with excess adhesive being 
removed after each stage. The first stage consisted in pouring the ad-
hesive into the cavity formed by setting the first spacers. Then, a defined 
length of Polytetrafluoroethylene sheet was positioned to define the pre- 
crack. In the second stage, the cavity that is generated by positioning the 
second and third spacers was once more filled with adhesive. The excess 
adhesive was removed with the third spacers still placed. Finally, these 
additional third spacers were removed and the top adherend and metal 
mold were placed on the top in sequence. The curing process followed 
the datasheet recommendations, i.e. 70 ◦C for four hours. After curing, 
the joints were cut with water jet and polished, and piano hinges were 
attached to the specimens. White background and black pattern were 
sprayed on the side surface of the joints for DIC technique. 

However, many voids were observed from the side view of the 
specimens and by post-mortem observations of the failure surfaces. 
These affect the behavior of the thick adhesive joints. To address this 
issue, a second method (Method II) was proposed to control the void 
content, as illustrated in Fig. 2a. Round spacers were attached to the 
bottom adherends prior to mixing the SP830 adhesive. Proper amount of 
hand-mixed adhesive was then poured inside the cavity. After placing 
the top adherend, sufficient pressure was applied to squeeze out excess 
adhesive and minimize the amount of voids. After the adhesive solidi-
fied, the specimen was demolded and cured at 70 ◦C for four hours. The 
pre-crack was cut using a band saw and then the final 5 mm cut was 
performed using a diamond wire saw with a 0.125 mm diameter wire. 
Following the curing process, the joints were cut and polished, and 
piano hinges were fixed to the specimens. To facilitate DIC analysis, a 
white background with a black pattern was sprayed onto the lateral 
surface of the joints, and a ruler was stamped on the specimen surface 
close to the crack plane. The crack length was thus measured by image 
analysis of the DIC pictures recorded during each test, with the aid of the 
ruler. 

Additionally, to further guide the crack propagation direction, some 
specimens produced with the second method were grooved on both 
sides, as shown in Fig. 2c. Removed adhesive material has a right- 
triangle cross-section on both sideswith a 45◦-tilted universal milling 
machine Schaublin 53 (accuracy 0.02 mm) equipped with a 20 mm 

Fig. 1. Illustration of the joint manufacturing method I by adding and removing additional spacers: a) before removing the additional spacers; b) removing the 
additional spacers and putting the top adherend and mold; c) sample illustration before tests with piano hinges. 
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diameter cylindrical cutter (code 862, FRAISA SA). Three classes of 
joints were thus manufactured with different void contents, i.e. low, 
medium, and high void content. 

Joints made with Method I and ungrooved joints made with Method 
II were tested with the same machine used for the adhesive tensile test 
with 2D DIC technique. The speed was 2 mm/min. Grooved joints made 
with Method II were tested with an MTS Landmark servo-hydraulic 
testing machine, calibrated to 5 kN load capacity with three- 
dimensional (3D) DIC technique. The DCB set-up is shown in Fig. 3. 
Two test speeds were used, 1 mm/min and 0.24 mm/min. The test 
matrix including test conditions is given in Table 1. The number-of- 
specimen column shows the ratio of validated data-processed joints to 
the total number of fabricated joints subjected to testing. In the results 
section, discussion is provided for a single representative result within 
each group, while the other results are presented in the supplementary 
information. 

To compare the effects of two fabrication methods resulting in 
different void content, UN1 and UN2 specimens were employed. 
Furthermore, GN2 and GL2-L specimens were utilized to examine the 
influence of side grooved shape and loading rate on crack path selection, 
while GL2-M and GL2-H specimens were tested to investigate the impact 
of void content. 

GN2 and GL2-L joints with the lowest void content were manufac-
tured by applying pressure on the adhesive (without level control usu-
ally performed by spacers), with the consequence that thickness control 
was not perfect. Due to the difficulty of manufacturing and the cutting 
procedure error, only one specimen for each type was tested. Joints with 
medium and high void content have a uniform thickness. After the DCB 
tests, the void distribution of joints was assessed by conducting 3D X-ray 
tomography (RX Solutions Ultratom) on the stable crack propagation 
area. AVIZO software was used for epoxy and void segmentation and 
void distribution reconstruction. 

2.3. Data reduction method 

Considering the SBT method, the contribution of adhesive layer to 
flexural rigidity is omitted for thin adhesive joint tests, whereas it is 
important for thick adhesive joints. The calculation of flexural rigidity is 
based on the geometry of the arm, as shown in Fig. 4. The first step is to 
calculate the neutral axis position (z̄) and then calculate flexural rigidity 
(EI). SBT method can be inaccurate, since it does not consider the shear 
deflection, root rotation, and plastic zone deformation. 

z̄ =

Ec

Ea
Acz̄c + Aaz̄a

Ec

Ea
Ac + Aa

(1)  

EI = EcIc + EcAc|z̄c − z̄|2 + EaIa + EaAa|z̄a − z̄|2 (2)  

GSBT =
P2

2b
dC
da

=
P2a2

b × EI
(3)  

GCBT =
3PδF

2b(a + |Δ| )
(4)  

GECM =
nPδF
2ba

(5) 

Here, the corner marker c and a are composite adherend and adhe-
sive separately. E is the elastic modulus, A is the cross-section area and z 
the position of the center of gravity. P is the load, a is the crack length 
and b is the crack width. G is the strain energy release rate. Since CBT 
and ECM calculation considers the compliance of the whole beam, 
including the adhesive layer contribution, the adaption is not needed. 
Equation (4) and (5) are described in [38], where |Δ| is the crack length 
correction and F is the large-displacement correction factor. If the crack 
path changes from the middle of the adhesive to the adherend, the 
neutral axis position shifts leading to mixed-mode fracture. Conse-
quently, these equations hold validity solely in cases where crack 
propagation takes place exclusively within the adhesive layer. 

The load–displacement (P-δ) prediction curves are calculated based 
on SBT and CBT. The curves are separated into two parts. The initiation 
curve before crack propagation is expected to have a linear relation. The 
other one is the propagation curve, where the crack length is expressed 
in terms of compliance and substituted into G calculation equation. a0 is 
the pre-crack length. Ḡ is the average SERR value, and depending on the 
different groups the data used for the average G calculation is not the 
same, as detailed in each section. 

P =
3δ × EI

2a3
0

(6)  

P =

̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅

4Ḡ3b3 × EI
9δ2

4

√

(7)  

Fig. 2. Illustration of the joint manufacturing method II by applying enough 
pressure to control the void content: a) joint manufacturing under press; b) 
ungrooved specimen; c) grooved specimen. 

Fig. 3. The thick DCB experimental set-up.  
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3. Results 

3.1. Tensile behavior of the adhesive and adherend 

The stress–strain curve of SP830 under tensile loading, as well as an 
example of the fracture surface, are illustrated in Fig. 5. The curve ends 
in fracture at around 42 MPa, indicative of its limited ability to undergo 
plastic deformation. Many voids with different sizes are evident from the 
fracture surface, which could be the reason for the large scatter in the 
results. A typical stress–strain curve for the composite laminate is pre-
sented in Fig. 6, showing a linear elastic behavior of the material until 
failure at a strain slightly lower than the failure strain of the epoxy 
adhesive. Side-view microscope photographs of the composite speci-
mens are presented in Fig. 6b. Since a peel-ply was used to manufacture 

the composites, aiming at surface pattern creation and surface protec-
tion, both sides of the samples had a rough surface. Fig. 6b top indicates 
the total thickness measurement including roughness, which is 1.69 mm. 
The bottom picture in Fig. 6b shows the thickness without considering 
the rough matrix layer, which does not contribute much to the E- 
modulus. This value (1.31 mm) was chosen for the cross-section calcu-
lation. Table 2 displays the tensile test results of the adhesive and 
composite adherend. 

3.2. DCB tests results 

3.2.1. UN1 specimen 
Fig. 7a presents the fracture surface of a thick DCB joint with many 

visible voids. Four distinct zones can be observed on the failure surface. 
The pre-crack region is on the left with the inserted Teflon sheet in the 
middle plane of the joint. Following this, there is a short area (light 
green) of ca. 1 cm where a stable crack propagated within the adhesive 

Table 1 
DCB test matrix.  

Name Fabrication 
method 

Size Grooved/ 
ungrooved 

DIC 
technique 

Speed Void content Number of 
specimens 

UN1 Method I Composite adherend width 25.4 mm; Adhesive 
layer thickness 12 mm 

Ungrooved 2D 2 mm/min High void 
content 

4/4 

UN2 Method II Composite adherend width 25.4 mm; Adhesive 
layer thickness 10 mm 

Ungrooved 2D 2 mm/min Low void content 2/4 

GN2 Method II Composite adherend width 28 mm; Adhesive layer 
thickness 10 mm 

Grooved 3D 1 mm/min Low void content 1/1 

GL2-L Method II Composite adherend width 28 mm; Adhesive layer 
thickness 10 mm 

Grooved 3D 0.24 mm/ 
min 

Low void content 1/1 

GL2- 
M 

Method II Composite adherend width 28 mm; Adhesive layer 
thickness 10 mm 

Grooved 3D 0.24 mm/ 
min 

Medium void 
content 

4/4 

GL2- 
H 

Method II Composite adherend width 28 mm; Adhesive layer 
thickness 10 mm 

Grooved 3D 0.24 mm/ 
min 

High void 
content 

4/4  

Fig. 4. Schematic of one arm for flexural rigidity calculation.  

Fig. 5. SP830 tensile test result. strain–stress curve and corresponding frac-
ture surface. 

Fig. 6. Composite adherend tensile test result: a) strain–stress curve; b) mi-
croscope pictures before testing. 

Table 2 
Tensile test results.  

Adhesive (SP830) tensile test average results 
(5 samples) 

Elastic modulus 
[GPa] 

2.57 ± 0.12 

Ultimate Stress 
[MPa] 

41.59 ±
1.15 

Strain at failure 
[%] 

2.87 ± 0.31 

Composite tensile test average results (4 
samples) 

Elastic modulus 
[GPa] 

23.57 ±
1.13 

Ultimate Stress 
[MPa] 

459.07 ±
8.09 

Strain at failure 
[%] 

2.44 ± 0.05  
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layer. After this length, the crack propagated fast (unstable crack shown 
in dark green) and kinked to the adherend after ca. 3 cm where it was 
arrested between the first and second layer of glass fabric. The fiber 
direction of the first layer is parallel to the y-axis (Fig. 2) and the second 
layer is parallel to the x-axis. As a result, the first layer was readily 
penetrated by the fracture. After being arrested, the crack propagation 
restarted in between these two layers. The crack front is slightly curved, 
as observed on the bottom of Fig. 7a. This creates a potential error in the 
SERR calculation which assumes a straight crack, as explained in [39], 
the influence is not large. 

Fig. 7b summarizes the load–displacement curve and the crack 
length measurements. The stick–slip crack propagation is revealed by 
the vertical line in the curve, which is also visible from the crack length 
data. After this unstable propagation, the crack reached the adherend 
and the propagation restarted within the adherend. The max load is 
higher than 1.5 kN, which indicates a high initial crack propagation 
energy release rate. 

SERR results are plotted in Fig. 7c. Since limited data was obtained 
for the adhesive propagation, the CBT and ECM calculations are based 
on the adherend propagation region, i.e. after the stick–slip crack 
propagation. Inspecting the adherend propagation, SBT results are 
observed to be higher than CBT and ECM, which can be attributed to the 
change of crack path that shifts from the adhesive to the adherend 
causing mixed-mode fracture. The neutral axis position is also shifting in 
this case, and therefore the calculated SERR results are not valid. 
Furthermore, the crack initiation also involves the formation of an arc- 
shaped crack and the crack propagation kinetic energy contribution. The 
crack measurement is also a big challenge since the result is really 
sensitive to the true crack length. When the crack propagation also in-
volves stick–slip and crack kinking, the analysis is more difficult. 
Therefore, in the following sections, only the stable propagation region, 
which provides several SERR data points, will be utilized for 

calculations. However, to provide a comprehensive understanding of the 
material behavior, the initiation and arrested SERR values of stick–slip 
propagation that occur after stable propagation and arrested within the 
adhesive layer will also be presented. 

The results of the other three specimens are shown in the supple-
mentary information, Figs. S1 to S3, which show similar behavior. 

3.2.2. UN2 specimen 
Fig. 8a illustrates the fracture surface of a UN2 specimen after test. 

Similar to the results above, the fracture surface can be divided into four 
zones: pre-crack, stable adhesive propagation, stick–slip propagation 
and adherend propagation. Compared with Fig. 7a, the pre-crack region 
is shorter and fewer voids are observed. However, the trajectory of 
fracture propagation was similar. Both the stick–slip crack growth and 
the crack kinking occurred simultaneously. The stable and unstable 
propagation region can still be distinguished by the color of the fracture 
surface (light green and dark green). Eventually, the crack propagated 
within the adherend between the first and second layer of glass fabric 
until full separation. 

The load–displacement curve is presented in Fig. 8b and SERR results 
of crack propagation within adherend are shown in Fig. 8c. The calcu-
lated SERR results are not valid because of the crack path deviation. 
Even though no visible large void was visible, the crack deviation 
occurred. As a consequence, grooved specimens were designed and 
tested to guide the crack propagation path. 

The results of another specimen are shown in the supplementary 
information, Fig. S4, which shows similar behavior. 

3.2.3. GN2 specimen 
The fracture surface is depicted in Fig. 9. A different pattern was 

observed in the middle part compared with the results shown above. 
Two light green regions (stable propagation) are separated by one dark 

Fig. 7. Results of UN1 specimen: a) fracture surface after test and b) corresponding load–displacement curve c) corresponding SERR curves.  
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green region (unstable propagation). The stick–slip and crack kinking 
did not happen simultaneously. For grooved specimens, the arrested 
crack position after stick–slip is still uncontrollable. If the crack is halted 
inside the grooved path, the crack could continue propagating straight. 

Otherwise, crack kinking ensues. Concerning this sample, the crack tip 
already diverged from the middle plane when the crack was arrested 
after the stick–slip crack propagation. Therefore, when the crack prop-
agation restarted the propagation tends to go towards the adherend 

Fig. 8. Results of UN2 specimen: a) fracture surface after test b) corresponding load–displacement curve c) corresponding SERR curves.  

Fig. 9. Results of GN2: a) fracture surface after test b) corresponding load–displacement curve c) corresponding SERR curves d) prediction and experimental 
load–displacement curves. 
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stably and it finally propagated between the first and second layers of 
glass fabric. 

It is feasible to include adhesive propagation region into SERR 
calculation, although crack kinking occurred. The results are illustrated 
in Fig. 12c. The calculated SERR results are again not valid, especially 
when the crack propagates within the adherend. CBT and ECM param-
eters are calculated based on the stable crack propagation within the 
adhesive after the stick–slip and they are consistent with each other. The 
SERR values declines, since the crack propagated towards the adherend, 
and the cross-section area became larger than the one utilized for SERR 
calculation taken from the grooved middle plane path. 

The SBT and CBT prediction curves are represented in Fig. 12d. 
Equation (6) and (7) were used for the derivation of the prediction 
curves. The displacement values are taken as the independent variable 
and the calculated load values are the dependent variable. The crack 
initiation region (equation (6) is linear. However, the linear prediction 
curves and the experimental results diverge significantly. The crack 
propagation region (equation (7) is predicted using average SERR values 
during stable propagation within the adhesive layer as one fixed 

parameter (Ḡ). In the following sections, this parameter will be adjusted 
to optimize its suitability for the specific situation being analyzed. The 
crack propagation region shows monotonically decreasing force with 
displacement. The CBT prediction is fitted to the tendency defined by 
two crack start points. The deviation after the restarting is deemed to the 
originate from the crack path deflection. The SBT prediction is 
marginally lower than the other without considering the contribution of 
root rotation and plastic zone energy dissipation. 

The arrested position after unstable propagation is unpredictable, so 
it is crucial to ensure the first stable propagation area is sufficiently long 
for analysis and SERR calculation. To further control the crack propa-
gation, grooved DCB joints were tested with low cross-head speed. 

3.2.4. GL2-L specimen 
Fig. 10 shows the joint test results with low void content. As dis-

cussed, its thickness varies from 10 mm at the beginning to 14 mm at the 
end of the sample. Fig. 10a depicts the fracture surface, which exhibits 
pre-crack region, stable propagation, and fast arm separation regions. 
Stick-slip crack propagation and crack kinking only occurred when the 

Fig. 10. Results of GL2-L specimen: a) fracture surface after test b) corresponding load–displacement curve c) corresponding SERR curves d) SBT SERR curves with 
two different adhesive layer thickness e) prediction and experimental load–displacement curves. 
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two arms were completely separated. The long middle region with light 
green color corresponds to the stable propagation. The load–displace-
ment data is plotted in Fig. 10b. 

Fig. 10c illustrates the SERR curves derived by SBT, CBT, and ECM 
methods. The SBT curve shows an increasing trend, while the CBT re-
sults converge to the mean value of 3.16 kJ/m2. In the contrast, the ECM 
values tend to decrease after the crack starts to propagate. The increase 
in the SERR values at the final stage could be attributed to the thickness 
variation. The impact of thickness on SERR calculation is illustrated in 
Fig. 13c, where SBT results with 10 mm and 14 mm uniform thickness 
assumptions are calculated and compared. Around 20 % decrease is 
observed when the thickness increases by 4 mm. Shivakumar et al. [40] 
conducted sandwich DCB debonding tests to measure interfacial SERR 
values. They concluded that the ECM and CBT methods are valid when 
the crack length is smaller than half of the specimen length, which could 
be another source of the increasing SERR values at the end section. 

The SBT and CBT prediction curves are depicted in Fig. 12d as 
dashed lines with both initial linear region and crack propagation re-
gion. The propagation curves were predicted based on the average SERR 
values separately. The CBT curve slightly differs from the experimental 
results, which can be explained by the fracture surface roughness, arc- 
shape crack, and the distribution of small voids and flaws. Larger 
offset between SBT prediction and experimental curves is visible. 
However, the initial linear prediction does differ much from the exper-
imental data. 

Another two groups of joints with more and the most void contents 
were also manufactured by controlling the quantity of the adhesive. 
They were used to study the influence of void content on the fracture 
behavior of thick adhesive joints. 

3.2.5. GL2-M specimen 
Joints with medium void content (GL2-M specimens) have a uniform 

thickness. Inspecting the fracture surface (Fig. 11a), many voids are 
observed and light green color and dark green color regions stagger, 
indicating that stick–slip took place several times. It is obvious that there 
is a void at the boundary of the first stick–slip that corresponds to the 
vertical line in the load–displacement curve (Fig. 11b). After the first 

stick–slip crack propagation, the crack was arrested at the middle plane, 
so the crack could still propagate without path deviation. In the end, the 
unstable propagation went along the interface and broke the joint. Data 
before the first stick–slip was used for the calculation. SERR curves are 
shown in Fig. 14c, even though limited data is obtained before the first 
stick–slip, the curve tendency is still similar to the previous results with 
low void content. SBT results are still much smaller than CBT and ECM. 
Increasing and decreasing trends are observed for SBT and ECM 
separately. 

Then, the average values (without considering the arrested SERR 
value) were used for prediction curve calculation, which is plotted as 
dashed lines and compared with the experimental data in Fig. 11d. CBT 
propagation prediction and experimental curves are in agreement with 
each other, even though unstable crack propagation occurred. The 
experimental curve restored and converged towards the prediction 
curve after the first stick–slip crack propagation. Therefore, using the 
results calculated from the first stable propagation region can properly 
predict the loading curve of the second stable propagation region. It is 
inferred that the stick–slip crack propagation does not affect the vali-
dation of the calculation theory. The joint with medium void content is 
still suitable for DCB static test. 

The results of the other three specimens are shown in the supple-
mentary information, Figs. S5 to S7, which show similar behavior. As 
explained, once the stick–slip propagation occurred, the arrested posi-
tion is unpredictable, so the the fracture behavior varies from case to 
case. 

3.2.6. GL2-H specimen 
The fracture surface of joints with high void content is dominated by 

voids. Depending on the void size and distribution, a different fracture 
behavior can be observed. When the crack tip encounters large voids, 
stick–slip crack propagation takes place, as shown in Fig. 12a. Fig. 12b 
depicts the other possibility, if the voids are not too large with an 
adequate shape, stable propagation can be achieved. In addition, the 
crack kinking direction can be inversed, which is obvious in Fig. 12b. 
Fracture tends to choose the crack path consuming less energy that 
contains voids, since the adhesive is already separated by the voids. The 

Fig. 11. Results of GL2-M specimens: a) fracture surface after test, b) corresponding load–displacement curve, c) corresponding SERR curves, d) prediction and 
experimental load–displacement curves. 
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crack finally went back to the adhesive layer from the interface to the 
adhesive. In these two cases, the crack never went through the first glass 
fabric, either remaining at the interface or switching between the 
interface and the adhesive. 

Since the second sample (Fig. 12b) has sufficient stable propagation 
length, the related load–displacement curve, SERR calculation and 
prediction curves are plotted in Fig. 12, using the data obtained before 
the first stick–slip. The CBT data is consistent with ECM data, while the 

progressive increased SBT data differs from the others. The curve 
depicting large voids fluctuates more compared with low void content 
results, and the valley values can be down to 2.3 kJ/m2 between peaks 
close to the value found in the low void content case, which is around 
3.1 kJ/m2. 

Because of the fluctuating SERR results, the prediction curve is 
calculated with the first peak SERR value, assuming that peak values are 
not influenced by voids. Comparing the CBT prediction and 

Fig. 12. Results of GL2-H specimens: a) one fracture surface after test, b) another fracture surface after test, c) corresponding load–displacement curve, d) corre-
sponding SERR curves, e) prediction and experimental load–displacement curves. 

Fig. 13. X-ray tomography of void distribution of three samples shown above after static test.  

J. Fan et al.                                                                                                                                                                                                                                      



Composite Structures 327 (2024) 117705

11

experimental data, the prediction curve links the peak values of the 
experimental data, which accords with the calculation assumption. 
Nevertheless, SBT prediction is much lower than the experimental 
curve. 

The results of the other three specimens are shown in the supple-
mentary information, Figs. S8 to S10, which show similar behavior. As 
explained, once the stick–slip propagation occurred, the arrested posi-
tion is unpredictable, so the the fracture behavior varies from case to 
case. 

4. Discussion 

4.1. Grooved geometry 

The side-grooved shape could guide the crack propagation within the 
middle plane, since the grooved plane has the smallest surface area, so 
ideally the crack propagation consumes the lowest energy by selecting 
the grooved path without considering the voids. Other research has also 
highlighted the fact that the propagation path consuming less energy is 
preferable during the tests [41]. However, the actual situation is more 
complicated, so loading speed and void content are also critical factors 
that affect the crack propagation path. 

4.2. Loading speed 

The loading rate influence is related to material properties. First, 
increasing the loading rate could lead to a ductile–brittle transition, 
which might allow the unstable propagation to take place. Second, the 
large differential between initiation and propagation fracture toughness 
could lead to unstable propagation [21]. The comparison between G2N 
and G2L-L results demonstrates that in order to maintain stable propa-
gation of thick adhesive joints, low speed is preferred. 

The crack propagation kinetic energy is not negligible, and also 
related to the loading rate [42]. By comparing stick–slip crack propa-
gation at two different cross-head speeds, it can be seen that a crack with 
a fast speed can easily penetrate the first layer of the fabric, while it is 
difficult for a crack with a slow speed to penetrate it. To valid the slow 
speed (0.24 mm/min) DCB propagation results, a creep test was also 
conducted with a GL2-M specimen. After 5 mm crack propagation, the 
creep test was employed at 1.5 kN for 30 mins. During the test, no 
obvious crack propagation was observed. 

4.3. Void content 

The effect of the void content is clearly noticeable, especially by 
analyzing the results of GL2-L, GL2-M, and GL2-H specimens. To further 

unveil the relation between the void content and the fracture behavior, 
the void distribution is demonstrated in Fig. 13. Since the adhesive has a 
yield stress (adhesive cannot flow without external force), the adhesive 
was applied to cover the whole surface of the cavity using a scraper, 
resulting in that the direction of the voids follows the application di-
rection. This proves that applying the adhesive is a critical step where 
many voids are created. It is recommended to add the adhesive layer 
upon layer and to degas the adhesive several times to avoid large voids. 

Void distribution is depicted in Fig. 13 and the corresponding in-
formation is shown in Table 3. Only voids inside the fractured samples 
were included in the analysis (the voids on the edge and fracture surface 
are excluded). Large voids emerge more frequently in high void content 
joints. It is obvious that void volume percent and the distribution of 
extremely large voids dominate the final results. Similar to the side- 
grooved shape, the crack path over large voids consumes less energy, 
whereas when the voids are too large, this lowest energy propagation 
path is no longer the grooved path and replaced by the path with large 
voids. Moreover, the existence of voids will influence the stress state 
ahead of the crack tip, so the crack has a high possibility to deviate from 
the middle plane of the joints. The combination of the two aforemen-
tioned reasons could lead to crack kinking. From our observation, 
depending on the void distribution, joints with void volume percent 
higher than 4 % might experience crack kinking anytime throughout the 
test. Controlling the void volume lower than 2 % could thus help the 
fracture mechanics investigation. 

Large dimension voids are one main cause of the stick–slip crack 
propagation. It has already been proven that when the crack encounters 
voids, the plastic zone size is influenced and the crack growth rate 
changes [42]. Besides this, the SERR value suddenly drastically de-
creases since the surface area decreases, so the stable propagation 
cannot be maintained, some energy was dissipated into kinetic energy, 
triggering stick–slip crack propagation. 

By observing the SERR curves in Figs. 10-12, despite the fact that 
limited data is shown for the joint with medium void content, stable 
tendencies are still observed for the classes of small and medium void 
contents. As for the joint with high void content, the apparent SERR 
curve is more erratic. A possible explanation for this discrepancy is that 
the SERR calculation assumes a constant surface area, whereas the 
surface area decreases when voids are present. In addition, the average 
values of the SERR do not vary much among the three classes. It can thus 
be suggested that void is one main source of stick–slip and crack kinking, 
while it will not influence much on the SERR calculation. For joints with 
small or medium void content, grooved geometry can guide the crack 
propagation direction, providing sufficient data for the SERR 
calculation. 

4.4. SERR calculation methods and prediction 

For SERR calculation, UN1, UN2 specimens show higher SERR values 
using the SBT method compared with the ECM and CBT methods. 
Normally, the SBT method results in the lowest SERR values as it does 
not consider any plastic zone and root rotation. The crack kinking also 
leads to the neutural axis shifting. In our cases, SERR values are calcu-
lated based on the adherend propagation section, where the mixing of 
mode I and II can be observed and the plastic zone size and root rotation 
influence are different compared to pure mode I so the inversed trend 

Fig. 14. Picture of joint crack measurement issue.  

Table 3 
Void content in three grooved samples shown above.  

Sample 
type name 

Number of 
voids larger 
than 1 mm3 

Number of voids 
larger than 0.1 
mm3 

Void volume 
percentage 

Largest 
voids 
volume 

GL2-L 0 33  0.36 % 0.75 mm3 

GL2-M 24 232  2.19 % 10.32 mm3 

GL2-H 20 587  4.13 % 9.87 mm3  
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was observed. When the crack propagated within the adhesive layer, 
SBT results are much lower than the other two. ECM data is similar to 
CBT one, while it is more scattered, which is also observed in sandwich 
DCB debonding tests [40,43]. 

The average CBT SERR values for joints made with composite 
adherend and 10 mm thick SP830 adhesive layer is around 3.16 kJ/m2. 
SERR value can also be estimated from fracture toughness by using 
equation (8). Fracture toughness (KIc) is determined from the single- 
edge-notched-bend tests, obtained from [44] and Poisson’s ratio is 
assumed to be 0.38. The resulting value is about 2.6 kJ/m2, which 
slightly differs from the joint test result. 

G =
K2

E/(1 − v2) (8) 

As for the prediction curves, the initial linear curve calculation shows 
large difference from the experimental results, whereas the crack 
propagation CBT curves are consistent with experimental curves. The 
reason is complicated. First, the crack measurement is taken from the 
DIC pictures from one side of the joint, which is not accurate. The 
painting itself also hinders the measurement whose breaks may be 
asynchronous with the joint. Fig. 14 shows one example of joints under 
loading without paint. There is a region ahead of the crack tip that 
changed into white color, which is the plastic zone. This is consistent 
with the DIC analysis. There is a region with large deformation (>3%) 
ahead of the visible crack tip. Besides these, the residual stress from the 
curing process is also an influencing factor. Thus, the initial linear pre-
diction exhibits a significant deviation. Nevertheless, all these results 
lead to the mismatch between theory and the experiments whose in-
fluence is independent of the crack length, so they can be included in the 
CBT and ECM SERR calculations and CBT crack propagation prediction, 
but not in SBT. In conclusion, it is inferred that CBT calculation is valid 
for thick adhesive DCB joint tests. 

5. Conclusions 

Thick-DCB-joint static tests were conducted in this research with 
varying geometry, cross-head speed, and void content to study their 
influence on the fracture behavior. Grooved specimens with low void 
content and low testing speed are most adequate for SP830 and com-
posite adherend joint testing. CBT calculation is a proper data reduction 
method, even though thickness control and crack length measurement 
are to be considered. 

The grooved geometry is used for the first time for thick DCB joint 
investigation. The findings of this study suggest that using grooved ge-
ometry can help guide the crack propagation path and simplify the data 
reduction process by using the commonly accepted SERR calculation 
methods, such as CBT and ECM. 

The void content within the adhesive layer is an important influ-
encing factor. This research has provided a deeper insight into the void- 
dominating fracture behavior. It is obvious that large voids ahead of the 
crack tip can lead to stick–slip crack propagation. After, the joint 
behavior is unpredictable. Ideally, low void content is beneficial for 
stable crack propagation without crack kinking. Joints with 2 % volume 
percent voids can still be tested with sufficient stable crack propagation 
length, while high void content is not recommended, since it can result 
in fluctuating SERR curve or more complicated behavior. Fracture will 
prefer to choose the path with voids, which consumes less energy. 

Nevertheless, because of the difficulty of joint manufacturing, 
especially for the low void content adhesive joint, the results are con-
strained by the limited sample size. Generalization of the conclusions to 
other systems and manufacturing techniques of the samples would 
require a larger set of experimental tests. 
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