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ABSTRACT. This paper reports on the development of a methodology for

evaluating the fatigue damage evolution in single and double lap adhesively

bonded joints subjected to constant and variable fatigue loading. First, a2  cyarion: Jaiswal, P. R, Kumar, R. 1, De

methodology is developed to monitor the evolution of permanent Wacle, W. Unified methodology for
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deformation of the adhesive joint is monitored using digital image correlation  g.ceived: 30112019
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in stiffness degradation and energy dissipation during the course of a complete

fatigue test. Hereto ellipses are fitted to the hysteresis loops in the recorded Copyright: © 2020 This is an open access

. . . . . article under the terms of the CC-BY 4.0,
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respectively. Next, the methodology is optimized for implementation during "™ ®rand souree e credied

fatigue testing of double lap joints with different bond line thicknesses. The

results of the experimental study reveal a distinct relation between stiffness

degradation and increase in hysteresis losses with increasing number of fatigue

cycles or thus increasing fatigue damage.
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INTRODUCTION

development of lightweight structures in aviation, ships or trains as it directly affects fuel economy [1]. In fact, it
has been reported that 7% enhancement in fuel efficiency could result from a weight reduction of 10% for a vehicle
structure [2]. Whilst in automotive industry spot-welded joints are widely used to reach this purpose [3], the shipbuilding
industry has shown a high interest in adhesive bonding. Fiber-reinforced polymers are increasingly being used in the

ﬁ dhesives are widely applied for joining dissimilar materials, and adhesive joints are most noticeable for the
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superstructure of ships [4, 5], and adhesive bonding is considered to be a robust and reliable joining technology for the
connection of primary and secondary ship structures. However, the durability of the adhesive joint is one of the main
challenges and currently limits the utilisation of adhesive bonding [6, 7]. Therefore, it is necessaty to evaluate the fatigue
performance of an adhesively bonded joint so as to provide a guarantee of its safety for an extended period of service life.
Several researchers have performed experimental studies to evaluate the fatigue life of adhesives and adhesive joints.
Colombi and Fava [8] evaluated the fatigue performance and stiffness degradation of double lap adhesive joints, steel bonded
to CFRP with a 1.1 mm thick epoxy adhesive layer, subjected to fatigue tests at stress ratios equal to 0.1 and 0.4 at a frequency
of 12 Hz. They observed that with an increasing number of fatigue cycles the debonding and hysteretic energy loss increase
and the joint stiffness decreases. The effect of stress ratio on fatigue life of the adhesive joint was considered negligible.
Likewise, the durability and crack propagation of single lap aluminum-GFRP specimens bonded with 0.lmm two-
component structural epoxy paste (Araldite 2015) were investigated for various load ratios in four-point bending tests by
Zamani et al. [9]. It was shown that crack initiation life was equal to almost half of the total life for a maximum fatigue load
equal to 50% of the static failure load whereas it is negligible for maximum fatigue loads higher than 60% of the static failure
load. Afendi et al. [10] studied the strength of single-lap hybrid joints (a combination of bolts and 0.2 mm thick adhesive
layer) with similar and dissimilar adherends (aluminium alloy AA7075 and glass fibre reinforced epoxy). Three different
joint configurations were aged for 20 to 120 days at a temperature of 50 degrees under a moist environment and fatigue
loaded for 781000 cycles. The dissimilar specimen configuration showed the highest joint strength and the largest failure
strain compared to specimens based on similar adherends. Similarly, Machado et al. [11] studied the performance of single
lap joints with similar (CFRP- CFRP) and disimilar (CFRP- Aluminium 5754H22) substrates bonded by a 0.2 mm layer of
XNR6852 E-3 epoxy. Specimens were fatigue cycled in the following conditions: unaged, aged and dried after hydrothermal
ageing. The experimental results allowed to conclude that the fatigue performance of joints can be affected by changes
induced by the drying process or losses in the interface strength and that the dissimilar combination of substrates sustains
higher number of cycles to failure. Ayatollahi et al. [12] and Razavi et al.[13] evaluated the fatigue performance of adhesively
bonded single lap joints with non-flat sinusoid and zigzag interfaces, respectively. Two aluminium (7075-T6) adherends
were bonded with a 0.2 mm thick two-component epoxy-based adhesive (UHU Plus Endfest 300). Both types of joints
have been subjected to constant amplitude fatigue with a load ratio of 0.1 at a frequency of 7Hz. The results demonstrated
that the fatigue strength and life of the joints with the non-flat interfaces is significantly higher than for reference joints with
a flat interface. Katuza et al. [14] studied the bond behaviour of double lap (steel-to-CFRP) adhesive joints subjected to
fatigue loading at a frequency of 5 Hz. They determined the most suitable type of methacrylate adhesive based on the test
results for seven different methacrylate adhesives. All previously discussed references focus on thin adhesives. To the best
of our knowledge, there is no scientific literature on fatigue damage evolution of thick methyl metacrylate adhesive bonds
for joining steel and CFRP.

The main objective of this work is to develop and evaluate a methodology to quantify the evolution of fatigue damage
during constant amplitude tensile fatigue (CATF) tests and variable amplitude tensile fatigue (VATF) tests. First, a
methodology is developed to monitor the evolution of damage in single lap adhesive joint (SLAJ) specimens subjected to a
CATF test. Digital Image Correlation (DIC) is used to measure the global clongation of the adhesive joint [15,16]. A
MATLAB routine is developed to post-process the fatigue test data and to quantify and visualize the evolution of global
damage in terms of permanent deformation, stiffness degradation and hysteresis losses. Second, the methodology has been
optimized towards CATF and VATF testing of double lap adhesive joint (DLAJ) specimens with two different bond line
thicknesses.

MATERIALS AND SPECIMENS

Adhesive
or the experimental work, a two-component methyl methacrylate (MMA) adhesive was used. The selected adhesive
exhibits promising properties of high strength and high ductility [14]. The main mechanical properties of the MMA
adhesive are summarized in Tab. 1.

Substrates and surface treatment

Conventional S235 carbon steel and high strength shipbuilding steel AH36 (having a minimum specified yield stress of
350MPa) were selected for the substrates of a single-lap adhesive joint and a double lap adhesive joint configuration
respectively. Carbon fibre reinforced polymer (CFRP) laminates with a minimum tensile strength of 658 MPa were selected
as strap material for the DLAJ specimens.
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For manufacturing of the SLAJ specimens, the substrates were saw-cut from a steel plate to nominal dimensions of 104 x
25 x 6 mm (length x width x thickness). This was followed by sandblasting of the surface (interface between substrate and
adhesive) up to a roughness of approximately 2.5 um, and cleaning with acetone prior to bonding. Sandblasting increases
the roughness of the surface, which will enhance the adhesive strength of the joint. Care was taken as excessive roughness

is known to decrease the strength of the joint [17].

Tensile strength [MPa]
Maximum Tensile Elongation [%o]
Tensile modulus [MPa]

Lap Shear strength [MPa]

Service temperature range [°C]

MMA

12-15

40 - 60

207-276

16-19

-40 to +82

Table 1: Main mechanical properties of MMA [14,18].
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Figure 1: (a) A three-dimensional representation of the fixture used for the production of SLAJ specimens, (b) Schematic diagram of a
single-lap adhesive joint, (c) Produced SLA]J specimen. (All dimensions are in mm)
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Production of single and double adhesive lap joint specimens

In this work, two different types of adhesively bonded specimens were manufactured. In a first series, a total of eight SLA]
specimens with 6mm thick steel substrates were produced. The bond line thickness was controlled to 5mm by using the
mould presented in Fig. 1(a). The curing of the adhesive was done at room temperature for 24 hours according to the
supplier guidelines. Essential aspects of the joint are the adherend chamfers and adhesive fillets for reducing stress
concentrations at the ends of the bonded area. The reduced stress concentrations should improve fatigue strength and
extend the lifetime. The geometry and dimensions have been roughly based on standard ASTM D1002 [19] and ate
illustrated in Fig. 1(b). After manufacturing, the edges of the substrates along the overlap were prepared with the use of a
hand grinder, in order to obtain an acceptable surface finish for DIC speckling (see further). Additionally, alignment tabs
were welded to each adherend, to reduce the geometrical eccentricity of the joint while loading. The final appearance of an
SLAJ specimen is shown in Fig. 1(c).

In a second series, a total of six DLAJ specimens with 8mm thick steel (AH36) and 3mm thick composite (CFRP) substrates
were produced with two different bond line thicknesses (4mm and 8mm) in the actual working environment of the maritime
industry (Damen Schelde Naval Shipbuilding, the Netherlands). Steel substrate surface preparation was performed
identically as described for the SLLAJ specimens. The schematic diagram of the DLA] specimen is illustrated in Fig. 2.
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Figure 2: Schematic diagram of double lap adhesive joint specimen.

FATIGUE TESTING METHODOLOGY

a maximum load capacity of 100kN. The fatigue tests on DLLA] specimens have been performed on an ESH machine

with 150kN load capacity. To allow a detailed study of fatigue damage evolution, the load and the global elongation
of the adhesive joint need to be recorded throughout the test. For the DLAJ specimens, the elongation of the joint can be
accurately approximated by the load-line displacement recorded by the machine. The asymmetry and flexibility of the SLAJ
specimens do not allow to use the load-line displacement. Therefore digital image correlation (DIC) was used to determine
the elongation of the joint during fatigue testing.
DIC is a contactless deformation measurement method, which uses digitally captured images of a surface of the test
specimen. A detailed description of the DIC technique can be found in [20,21]. It requires a high contrast surface to maintain
a good correlation between the captured images during post-processing. Hereto a black speckle pattern (randomly
distributed paint dots) is applied over the bright white background of the specimen’s surface of interest. The general
requirement for the speckled surface is around 50% black and 50% white. A speckle size of 0.042 mm was aimed at, which
results in a measurement accuracy of 100 pe [22,23]. A schematic representation of the test setup, including speckled
specimen, light sources and cameras is shown in Fig. 3(a). On the one hand, DIC has been used to evaluate the strains inside
the adhesive joint (not reported in this paper). On the other hand, it was used to record the relative vertical displacement
between two markers PO and P1 (see Fig. 3(b)), one on each steel adherend, which serves as an accurate approximation of
the global elongation of the adhesive joint.
The goal of the above is to accurately determine the relation between applied tensile force and the corresponding elongation
of the adhesive joint during a single load cycle. Due to the viscoelastic behaviour of the adhesive, hysteresis will occur during
each load cycle. It means that the load versus elongation curve during loading and unloading follows different trajectories,

T he fatigue tests on SLAJ specimens were performed at room temperature on an ESH servo-hydraulic machine with
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thus forming a hysteresis ellipse for each fatigue cycle. Based on the characteristics of this ellipse, three essential parameters
can be determined, as indicated in Fig. 4.

e The displacement of the centre of the ellipse Xo.
e 'The slope of the centre line, quantified by angle @, representing the stiffness of the joint.
e The enclosed surface area ‘A’ as an indication of the dissipated energy.
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Figure 3: (a) Schematic layout of DIC set up [15], (b) Characterisation of the global deformation of the adhesive joint by tracking the
relative vertical displacement of two virtual markers (Po-Py).
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Figure 4: A typical load-elongation hysteresis ellipse recorded during a fatigue test on SLAJ specimen.

A similar approach for the identification of hysteresis loops obtained during fatigue testing of a structural epoxy adhesive
has been reported in [24]. A post-processing routine to calculate and plot the evolution in stiffness degradation, hysteretic
energy dissipation and permanent elongation during a complete fatigue cycle was developed in MATLAB code. The
displacement of the centre gives an indication of the amount of permanent, viscoplastic deformation that has occurred. The
slope of the main axis of the ellipse relates to the stiffness of the joint; a decrease in slope during the test indicates an
accumulation of damage [25,26]. An increase in the enclosed area is a measure for the increased dissipation of mechanical
energy [27]. In order to avoid the impact of viscous behaviour or excessive heat dissipation on the durability of the adhesive
joint, the fatigue tests were performed at frequencies of 2 and 4 Hz. Marcadon et al. [28] performed fatigue tests on T-joints
for marine applications at 0.2, 1 and 5 Hz and concluded that the fatigue damage at the lowest frequency was most probably
influenced by viscous behaviour. The selected test frequencies also comply with the DNVGL-RP-C301 standard [29], which
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recommends a maximum loading frequency of 4Hz. Temperature measurements performed with a handheld thermometer
(FLUKE-68) during fatigue testing and focusing on the adhesive proved that no noticeable heat dissipation occurred. This
is important since self-heating of the adhesive would affect its mechanical properties and damage evolution.
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Figure 5: Data are acquired at discrete time steps during a slow load cycle (0.1Hz) following an interval of 99 fast cycles (2Hz).

The development of the methodology is based on the group of SLAJ specimens, tested at a frequency of 2Hz. In order to
ensure manageable DIC data file sizes and reducing the post-processing time, data acquisition has been performed at distinct
time intervals. After every series of 99 fatigue cycles (at 2Hz), a single slow cycle (0.1Hz) was included because the rate of
image capturing by the DIC cameras is limited to 1 picture per second. This allows to determine 10 DIC-based elongation
measurements during one slow cycle; a similar methodology is reported in [30]. Load versus elongation data were collected
during the slow cycle in order to construct one hysteresis ellipse; a typical plot with experimental data and the fitted load-
elongation loop is shown in Fig. 4. It can be observed that the implemented data acquisition and data post-processing allow
characterizing a fatigue hysteresis cycle with reasonable accuracy; only a few outliers do not perfectly fit the hysteresis ellipse.
The synchronisation of the test rig control system and the DIC data acquisition system is illustrated in Fig. 5.
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Figure 6: A sinewave for storing data after an interval of 2000 working cycles.
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In order to improve the methodology of global fatigue damage evolution, a fatigue test was performed at a frequency of 4
Hz, and DIC images were captured at a rate of 3.840Hz. A total of 25 images were post-processed to construct one hysteresis
ellipse, as shown in Fig. 6. The synchronisation of the data acquisition and DIC cameras was implemented in such a way
that the DIC cameras are triggered frequently, at an interval of every 2000 fatigue cycles. The same methodology was also
reported in [25,26]. A representative load-displacement output resulting from this methodology is shown in Fig. 7. Outliers
are eliminated and the fitted ellipse fit excellently represents the collection of experimental data points.

RESULTS AND DISCUSSION

discusses the fatigue testing methodology applied to SLAJ specimens subjected to constant amplitude fatigue
loading. The second subsection reports the results of the DLAJ specimens subjected to constant and variable
amplitude fatigue loading.

T he fatigue results of SLAJ and DLA]J specimens ate discussed in the following two subsections. The first subsection

O Experimental Data
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Figure 7: A load-elongation hysteresis ellipse (SLAJ).
Range of load Fatigue Status of a Load Ratio
Sample ID amplitude (min- life Frequency (Hz) sample at the  (R=Fmin/ Fmax)
max) kN (cycles) end of the test

SG-05 0.6-6 3119 2 Fail 0.1
SG-04 0.5-5 15900 4 Fail 0.1
SG-06 0.4-4 100000 2 Intact 0.1
SL-06 0.7-7 100000 4 Fail 0.1

Table 2: Overview of fatigue tests performed on SLA]J specimens.

Single lap adhesive joint

To define a suitable range of fatigue load amplitudes, four SLAJ specimens have first been subjected to quasi-static tensile
tests at a displacement rate of Imm/min. The maximum failure load observed was 8kN, and all specimens exhibited a
relatively high elongation at failure. Next, four tensile fatigue tests were conducted on SLLAJ specimens at a load ratio R=0.1
and different maximum load levels (i.e. 87.5%, 75%, 62.5% and 50% of the maximum observed ultimate tensile strength
8kN). The fatigue test details are summarized in Tab. 2. Specimens SG-05, SG-04 and SL'-06 have been tested up to failure,
while the fatigue test on specimen SG-06 was stopped at 10° cycles to constrain the test duration.

!"The abbreviations SG and SL refer to the first and second production batch respectively. Production process and geometry are identical
for both batches.
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Representative results obtained for specimen SG-04 have been selected to plot hysteresis loops in Fig. 8. A general trend of
decreasing stiffness and increasing permanent deformation can be clearly observed by the decreasing slope of the ellipses
and the shift of the centre point of the ellipse. The onset of failure was accompanied by a more rapid reduction of stiffness
and increase in dissipated energy. These observations agree very well with the findings of Boyd in his study on the integrity
of hybrid steel-to-composite joints for marine applications [30].

cycle 100 cycle 5000 cycle 10000 cycle 15000 ‘cycle 15800
L 5 L = 11 | |
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Figure 8: Load-elongation hysteresis loops for SLAJ specimen SG-04.

Double lap adpestve joint specimens

In total, six DLAJ specimens have been tested at room temperature. First, two quasi-static tensile tests were performed on
an MTS servo-hydraulic machine with 1000 kN load cell capacity at a displacement rate of 0.5 mm/min. The failure loads
and corresponding average shear stresses are listed in Tab. 3.

The tensile test results confirmed that a thin adhesive bond line thickness leads to a higher average shear strength (4.9 MPa)
as compared to a thick adhesive joint (2.6 MPa) [31-33]. Based on the results of the tensile tests, a maximum fatigue load
of 30kN (corresponding to an average shear stress of 1 MPa) was defined; the test frequency was set at 4Hz. The CATF
tests were conducted on specimens DIL.-02 and DL-07 and stopped prior to failure after 5x10° and 2.7x10¢ fatigue cycles,
respectively, in order to limit the test duration. The ellipses shown in Fig. 9 illustrate the load-displacement data of the
double lap joint specimen DIL-02 until 1x10° cycles.

Sample ID Bond line Ultimate load Shear Test Sample
ampre thickness(mm) (kN) (MPa) after test
DI.-09 4 147 2.6 Fail
DL-05 8 78 4.9 Fail

Table 3: Overview of tensile tests performed on DLA]J specimens.

S—— thiBond fine T-‘éiestof g;tilrg:;e(/;fiigf Frigmelie  Begeie Load Ratio asf?gf:t
ckness(mm) max) kN (cycles) (Hz) (R=Fmin/Fmax)
DL-02 8 CAF 330 2.7 x 106 4 0.1 Intact
DL-07 4 CAF 330 5.0 x 106 4 0.1 Intact
DIL-04 8 VAF Stepp;?;g"‘dmg 6.62 x 10 4 0.1 Fail
DL-10 4 VAF Stepp;?;g"‘dmg 8.23x 105 4 0.1 Fail

Table 4: Overview of fatigue tests performed on DLA]J specimens.
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The dissipated energy per fatigue cycle remained almost constant throughout the test, indicating that this parameter is
probably not very sensitive to slightly increased damage. Fig. 10 shows the evolution of the stiffness for DLA]J specimen
DL-02; the reported values have been normalized by the initial value of stiffness. The graph shows a noticeable decrease of
stiffness at the start, followed by steady progress for the first million cycles. This observation indicates that after the initial
50000 cycles, almost no additional damage is introduced in the specimen.

35

2x103 2x10° 5x105 1x10° cycles

N
wnm
T

¥)
T

Load P [kN]

T

wm
T

1 1.5 2 2.5 3

W
wn

Displacement d [mm]

Figure 9: Load-elongation hysteresis loops for DLA]J specimen DI-02.
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Figure 10: Evolution of damage parameter @ for DLAJ specimen  Figure 11: Evolution of centre of ellipse Xo for DLAJ specimen
DL-02. DL-02.

This corresponds with visual observations during the test. Fig. 11 shows the displacement of the centre of the ellipse until
1 million cycles. A significant increase is observed with the increasing number of fatigue cycles. Notwithstanding that no
further damage could be observed, the viscoplastic deformation of the adhesive joint keeps on slowly increasing. The
variable amplitude fatigue tests were performed up to failure for specimens DL-10 and DI-04 with a bond line thickness
of respectively 4mm and 8mm.

The atmospheric conditions, test frequency and methodology of data acquisition were identical to the constant load fatigue
tests. The variable amplitude fatigue tests were force-controlled and characterised by load step changes of 0.25 MPa average
shear stress. Starting at a load corresponding to 0.25MPa average shear stress, the load was increased every 100 000 cycles.
Specimens DIL-04 and DL-10 reached a maximum of 662 838 and 823 265 cycles, respectively. Similar to the observations
of the tensile tests, the thick bond line thickness decreases the fatigue strength of the joint compared to a thin adhesive.
Representative hysteresis ellipses were obtained without any loss of data points, as demonstrated in Fig. 12. Fig. 13 shows
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the evolution of damage in terms of normalized energy dissipation for DLA]J specimen DIL-04. The energy dissipation
increases throughout the test, with more or less constant values during each block. A continuously decreasing stiffness with
the increasing number of cycles was found, in line with the above observations and the observations reported in [24]. Fig.
14 shows the displacement of the centre of the ellipse throughout the test. A significant increase is observed at every load
block change, and within each load block, the increase in displacement shows a continuous evolution. Between 200 000 and
400 000 cycles this increase is slow, from 400 000 cycles on the displacement of the ellipses increases faster and at 600 000
cycles, the displacement is that big that the specimen separated eventually.

50

. . 80 .
650x103 cycles

70 - 4
mi 550x10° :
7/
450x10° /
#;? /’/
730 3 : ’ < 507
£ 350x10 , f( 3
- 250x10°¢ f j R 1
520 f % #{ }/?/ 5

i //2ak
J

0 f L . . . . .
-3 -25 -1.5 -1 -0.5 0 0.5 1

|
o
1

0 1 2 3 4 5 6 7
Number of cycles [N] x10°

Figure 12: Load-elongation hysteresis loops for DLAJ specimen  Figure 13: Evolution of damage parameter A for DLA]

DL-04. specimen DL-04.
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Figure 14: Evolution of change in centre of ellipse Xo for DLAJ specimen DL-04.

CONCLUSION

ingle lap adhesive joint specimens and double lap adhesive joint specimens with two different bond line thicknesses
were subjected to a series of constant and variable amplitude fatigue tests. Due to the viscoelastic nature of the MMA
adhesive, the load versus elongation curves recorded during fatigue testing show typical hysteretic behaviour. Using
DIC for monitoring these tests proved to be a valuable tool for an accurate elongation measurement of the flexible SLA]
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specimens. To evaluate the fatigue damage, a Matlab code was developed that allows to study the evolution of three
characteristics of the hysteresis curves; i.e. the canter of the ellipse (representative of permanent viscoplastic deformation),
the slope of the ellipse major axis (representative of the stiffness of the joint) and the enclosed area (representative of the
dissipated energy per cycle. A general trend of increasing permanent elongation, decreasing slope and increasing enclosed
surface area of the hysteresis ellipses was observed. The results from tests on DLAJ specimens indicated that a larger
adhesive thickness was inferior to a smaller thickness in terms of static and fatigue strength.
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