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Experimental investigation of the effects of adhesive thickness on the fracture behavior of structural

acrylic adhesive joints under various loading rates

Yu Sekiguchi*, Chiaki Sato

Institute of Innovative Research, Tokyo Institute of Technology, 4259 Nagatsuta-cho, Midoriku

Yokohama, 226-8503, Japan

Abstract
Designing joints requires a clear understanding of the appropriate thickness of the adhesive used.
Structural acrylic adhesives have rarely been studied in terms of their thickness effect on the joint
performance. To this end, the fracture resistance of a second-generation acrylic (SGA) adhesive was
experimentally investigated by conducting a double cantilever beam (DCB) test. Because the SGA
adhesive whitened when plastically deformed, the change of the plastic region with the crack growth
was visualized. Therefore, the relationship between the fracture energy and the adhesive thickness was
explained in terms of the plastically deformed area. With a thinner adhesive layer, the entire layer was
whitened, and a linear relationship was obtained. In this region, the fracture energy increased from
approximately 2 kJ/m? with an adhesive thickness of 0.2 mm to approximately 4 kJ/m? with 0.6 mm
thickness. With more increase in the thickness, the fracture energy increased over 8 kJ/m?. Increasing
the thickness, however, resulted in partial whitening, yielding a non-linear relationship. Moreover,
increasing the loading rate changed fracture behavior. At the opening speed of 2.5 m/s, stick-slip crack
propagation was observed in any adhesive thickness, and the critical fracture energy dramatically
decreased. In contrast, the arrest fracture energy under unstable crack propagation was independent of

the loading rate and the adhesive thickness as approximately 1 kJ/m?.
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1. Introduction

Nowadays, adhesive joints are widely used in many industries such as automotive, aerospace, and
electronics. Owing to advantages, such as dissimilar material joining, damping improvement, and
design flexibility, adhesive bonding technology has a significant potential to improve the functionality
of products and is highly in demand. In particular, structural adhesives need to exhibit remarkably high
strength and toughness to reliably bond load-bearing structures, and epoxies are often used as the base
material of structural adhesives because of their excellent properties. With the development of
materials, other types of polymers, such as polyurethane and acrylic resins, have also been applied as
adhesives.

Second-generation acrylic (SGA) adhesives are two-component structural adhesives that can be
rapidly cured at ambient temperatures [1-3]. A free-radical reaction occurs when two components, in
which an oxidant and a reductant are contained separately, are mixed and the acrylic resin is
polymerized. When the acrylic resin in adhesives is modified using an elastomer for toughening, a
phase separation with a sea-island structure occurs [4, 5]. Because of the modulus difference between
the sea and island areas, micro cracks and cavities are generated when plastically deformed. Thus, the
adhesives whiten and fracture in a ductile manner. In addition, micro-fractures inside the adhesive
layer inhibit adhesive failure at the interface and the SGA adhesives show superior cohesive failure
performance. The SGA adhesives can fill gaps of a few millimeters and can be cured at room
temperatures. Therefore, they are useful for on-site bonding, such as in repairing damaged parts and
assembling large structures [3, 6, 7]. Moreover, they can be applied to functionally graded adhesive
(FGA) joints [8, 9] by taking advantage of their mutability of flexibility.

The adhesive thickness is an important design parameter for adhesive joints, and its effects have been
widely investigated, particularly on the fracture toughness [10-16]. Typically, the shear strength
decreases with increasing adhesive thickness [15, 17]. In contrast, two types of relationships between
the fracture energy and the adhesive thickness have been reported [18, 19]. With increasing the
adhesive thickness, the fracture energy peaks and decreases to a certain value for brittle adhesives,
whereas it increases and plateaus for ductile and tough adhesives [19]. The relationship in the case of
brittle adhesives can be explained using the plastic zone diameter [20]. The fracture energy increases
linearly when the plastic zone occupies the entire adhesive layer. It decreases and plateaus when the
plastic zone diameter is smaller than the bond-line thickness. Conversely, a plateau appears even when

the plastic zone occupies the entire adhesive layer in the case of ductile adhesives [19]. Because an
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accurate thickness control of adhesive layers is a difficult and time-consuming process in
manufacturing sites, a clear understanding of how strictly the adhesive thickness must be controlled is
important for joint design. The results reported in most studies are primarily for typical structural
epoxy adhesives [10-14, 16, 18-20], while some are for polyurethane or silicone adhesives [15, 21-
23]. The characteristics of adhesives significantly vary with the properties of the base polymers.
Therefore, it is important to investigate the thickness effect for each type of adhesive.

Because adhesives are composed of polymers, they exhibit viscoelasticity, and the loading rate is
another factor influencing the fracture toughness [20, 24-26]. In particular, for SGA adhesives, the
glass transition temperature (Tg) of acrylic resins, such as polymethyl methacrylate (PMMA), is
generally around 100 °C, and it decreases when modified with the elastomer. Thus, many SGA
adhesives are sensitive to the operating environment.

In this study, the fracture behavior of a structural acrylic adhesive was investigated by measuring the
mode I fracture energy of the adhesive using double-cantilever beam (DCB) tests. The effects of
varying the loading rate, substrate thickness, and adhesive thickness on the fracture toughness were

experimentally discussed.

2. Experimental

2.1 Specimens and materials

Two types of specimens with different substrate thicknesses were manufactured. There were two main
reasons to change the substrate thicknesses; (1) to discuss the effect of the substrate rigidity on the
plastic zone length at the crack tip and (2) to check the avoidance of the plastic deformation of the
substrates. Because the rigidity of the substrate changes the stress state at the crack front, the plastically
deformed area of the adhesive layer changes with substrate thickness. Therefore, by comparing the
results at different substrate thicknesses, it is possible to determine whether the change in the fracture
energy is affected not only by the adhesive thickness but also by the stiffness of the substrate. In
addition, it was expected that the fracture energy was extremely increased when the adhesive thickness
increased. If the substrate is plastically deformed, or if the experiment deviates significantly from the
assumption of the DCB theory, the results at different substrate thicknesses should show totally
different dependencies. Therefore, different geometrical specimens were prepared to confirm that it
was not a peculiar change due to the shape of the test specimens. Figure 1 shows the specimen

geometries, where h,q is denoted as adhesive thickness. When the fracture energy is the same, the
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maximum stress applied to the substrate becomes higher with thinner substrate thickness. Therefore,
in particular, for thin substrate specimens, it is important to avoid plastic deformation of the substrates,
and steel with high yield stress was adopted as the substrate material. However, most of the high-
strength steels in circulation have a thickness of a few millimeters or less. Therefore, it still had a
possibility that the substrate plastically deformed when the adhesive thickness increased. Thus, the
adhesively bonded area was narrowed following the method reported in [27]. With this method, it has
been confirmed that the fracture energy can be measured in the same manner as the conventional
method while the deformation of the substrate can be suppressed and the plastic deformation can be
avoided.

Adhesive
PTFE tape
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PTFE tape
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Fig. 1. Configuration and dimensions of thin- and thick-substrate DCB specimens. Above: Image of

the adhesive layer (top view). Bottom: Image of the test specimen after bonded (side view).

The materials used in this study were a two-component acrylic adhesive (Hardloc C355-20 A/B, Denka
Co., Ltd., Tokyo, Japan) and steels (carbon steel with the grade S50C for thick substrates and Cr-V-
based spring steel with the grade SUP10 for thin substrates). The spring steel has a high yield strength
of over 1080 MPa, whereas it is over 365 MPa for the S50C steel (values were provided from the
manufacturers). The commonly used Young’s modulus value for steel (206 GPa) was used for the
calculation in this study. The Young’s modulus, Poisson’s ratio, and Tg of the adhesive were
experimentally obtained as 300 MPa, 0.37, and 87 °C, respectively [26, 28]. Figure 2 shows the stress—
strain relationships of the bulk and cylindrical butt joint specimens [28]. The restraint of the thin
adhesive layer by the adherend for the butt joint could be the reason for the high yield stress and the

damaged region with stress reduction, which are the major difference from the bulk results.



115
116

117
118
119
120
121
122
123
124
125
126
127
128
129
130
131
132
133
134
135
136

137

Butt joint
] 5 L Bl]lk (#1 ) ————— i
Bulk (#2)
f— Cylindrical butt joint ¢
ac:s e *Adhesze layer: 0.3
2 10 [//j_/_\__\\._—* ,LJL_ Jas
b 7 B ] ey
a / Bulk specimen Thickness : 3.0
g I ]
2] 5 ) r ,,,\\- ‘o“ ““// —’m -
: N
Unit : mm
T
0 L L L L 1 1
0.0 0.2 0.4 0.6 0.8 1.0 1.2

Strain ¢

Fig. 2. Stress—strain diagrams from tensile tests conducted on cylindrical butt joint and bulk specimens

[28].

The manufacturing process was the same for both the specimen geometries. First, the surfaces of the
substrate were sandblasted with an Al,O3 grit (SG-118-120 Grid #120, Hozan Tool Ind. Co., Ltd.,
Osaka, Japan) as an abrasive medium. The sandblasted surface had the surface roughness of Ra = 1.0
um, Rz = 7.0 um,and RSm = 70 um. After the abrasive sand was removed using high-pressure air
and wipes, the substrate thickness was measured. The surfaces were wiped with ethanol prior to the
bonding. The adhesive thickness was controlled by inserting polytetrafluoroethylene (PTFE) tapes.
After the substrates were bonded, they were cured for 24 h at room temperature (24+2 °C).
Subsequently, they were placed in an electric furnace at 60 °C for 2.5 h as a post-curing treatment, and
the overflowing adhesives were peeled off using an ultrasonic cutter. The specimen thickness was
measured after the manufacturing process, and the adhesive thickness was calculated by subtracting

the substrate thickness from the overall specimen thickness.

2.2 DCB tests using universal testing machines

DCB tests were conducted on the universal testing machine STB-1125S (A&D Co., Ltd., Tokyo,
Japan) with a load cell capacity of 500 N for the thin substrate specimens and on AG-X (Shimadzu
Co., Ltd., Kyoto, Japan) with a load cell capacity of 50 kN for the thick substrate specimens. The crack
length was measured using a CMOS camera installed to observe the specimens from the side. To
deduce the critical fracture energy G, the corrected beam theory (CBT) was applied [29].

3PSF
¢ 7 2p(a+lA] (D
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where P istheload, § isthedisplacement, b isthe width of the bonded area, a is the crack length,

and F is the displacement correction factor, which is described as follows [30].

F=1-5(0) -6 @

where [; is the distance from the load point to the substrate axis. In the case of extremely high G,
value with the thin substrate, the substrate with the non-adhered area largely bend and the length of
the cantilever part becomes not equal to the crack length. The correction factor F corrects this
discrepancy. The crack length correction |A| was obtained from the relationship between €/3 and
a, where C = 6/P is the compliance. In order to avoid the R-curve effect, G. values for initiation
were not evaluated and the data of a > ay + 15 mm, i.e., G, values for propagation, was used for
the calculation of stably propagated results. In addition to the crack length measurement, the length
from the load point to the whitening front a,, (see Fig. 3) was optically measured and the whitening
length a,, — a was obtained. Furthermore, the equivalent crack length a, was calculated from the

load and displacement using the equation

()" o

based on the beam theory, where E is the substrate modulus and [ is the moment of inertia of the
substrate cross-section. The shear effect on the beam deflection was less than 1% and therefore
neglected. The original DCB theory is based upon liner elastic fracture mechanics (LEFM). However,
the adhesives largely plastically deform at the crack front. In the case when the adhesive exhibits
elasto-plasticity like the SAG adhesives, it has been confirmed by extending the Winkler model and
performing elasto-plastic analysis that the fracture energy can be correctly calculated by the CBT [31].
In this case, the crack length correction contains not only the rotation effect of the substrate but also
the plastically deformed length of the adhesive layer. Additionally, the equivalent crack length is
known to predict the point where the substrate starts bending when the adhesive exhibits elasto-
plasticity [31]. Therefore, the length a. — a also predicts the deformed length of the adhesive layer,
including both elastic and plastic deformations, and it is later compared with a,, —a and |A|. In the
case of an unstable fracture, the fracture energy is determined using the Timoshenko beam theory as

__ P%F
~ 3EIb

G (3a2 + h?) (4)

which is the so-called compliance-based beam method (CBBM), where h is the substrate thickness.
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Figure 3 Schematic of the crack front, whitening front, and equivalent crack front.

2.3 DCB tests using a drop weight impact test machine

Impact DCB tests were conducted using a drop-weight-type impact testing machine [24]. Specimens
with a thin substrate were used. Wedges were set on the weights to open the specimens, as shown in
Fig. 4. The displacement and crack length were obtained from the images recorded using a high-speed
camera (CRYSTA PI-IPS, Photron Co., Ltd., Tokyo, Japan). Because the load was not recorded during
the impact tests, the load expressed in Eq. (1) was replaced with the displacement and crack length
using the simple beam theory. Thus, the fracture energy can be represented as a function of § and a
as [26]:

952EIF
 ab(a+|AD* ®)

Because the substrate was thin enough to neglect the kinetic energy of the substrate, the dynamic effect

on the fracture energy was not considered.

Fig. 4. Image of specimen opening for impact DCB tests [24].
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3. Results and discussions

3.1 DCB tests using universal testing machines

Universal testing machines were used to carry out a series of DCB tests on two substrates with different
thicknesses, as described previously, by varying the adhesive thickness. In all the configurations, a
cohesive fracture was observed.

First, quasi-static tests with an obtuse-angle initial crack (type 1, as shown in Fig. 5a) were conducted.
The displacement speed was set to 1 mm/min for the thick substrate specimen and 5 mm/min for the
thin substrate specimen. Similar relationships between the critical fracture energy and the adhesive
thickness were obtained regardless of the substrate thickness, as shown in Fig. 6. The fracture energy
increased from approximately 2 kJ/m? to over 6 kJ/m?. The solid line in the figurer indicates the least-
square fit of the results for h,q < 0.6 mm, which is also plotted in the other results for reference. The
lengths a,, —a and a, — a were different depending on the substrate thickness. The average value
of a,, —a was 7.8+1.1 mm for the thin substrate specimen and 29.5+4.3 mm for the thick substrate
specimen; the a, — a values were 11.2+0.8 and 32.5+4.1 mm, respectively. The length was longer
for substrates with a high bending rigidity, but it was more than twice the adhesive thickness even for
the thin substrate specimen. Therefore, the process zone in the longitudinal direction was large enough
relative to the adhesive thickness. In addition, the equivalent crack front was always a few millimeters
ahead of the whitening front. In other words, a. — a,, expresses the elastically deformed length of

the adhesive layer.
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Fig. 6. Adhesive fracture energy as a function of the adhesive thickness for an obtuse-angle initial

crack under the quasi-static condition.

Because the SGA adhesive was highly ductile, the crack propagated through the center of the adhesive

layer in the case of the thin layer even with the obtuse-angle initial crack, as shown in Fig. 7a. With
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increasing the adhesive thickness, however, the crack position varied and it propagated along with the
interface, as shown in Fig. 7b. This change was observed when h,q; was greater than approximately
0.7 mm. As a result, the plastic deformation was limited to a part of the adhesive layer. This partial
energy consumption led to nonlinearity. Introducing an acute-angle initial crack (type 2, as shown in
Fig. 5b) led to a dramatic change in the whitening area for the thicker adhesive layer, as shown in Fig.
7c. The linear region expanded to approximately twice the size, as shown in Fig. 8. A clear difference
can be observed, particularly for the thick substrate specimens. The fracture energy for type 2 with
thicker adhesive layer was increased over 8 kJ/m?. However, cracks started propagating once again
near the interface when h,4 exceeded approximately 2 mm, and a nonlinear relationship was observed.
In contrast, the whitening length in the longitudinal direction was not affected by the adhesive
thickness and the crack position, as shown in Fig. 9. Therefore, the whitening occupancy in the
thickness direction was an important factor influencing the linear relationship between the fracture
energy and the adhesive thickness.

Because the geometry of the thin and thick substrates is different, the amount of plastic energy should
be different even if the substrate plastically deforms. Therefore, the existence of plastic deformation
can be confirmed by comparing the results. Visually no plastic deformation was observed for both the
thin and thick substrates in all cases, but the difference was observed at h,q = 3.0 for type 1, as
shown in Fig. 6, which may have a possibility to contain some plastic deformation for the thin substrate.
Conversely, no large difference was observed for type 2 comparing the thin and thick results. Therefore,

it was confirmed that, in most cases, the plastic deformation was avoided for the tested configuration.

(a) Thin adhesive layer (b) Thick adhesive layer with (c) Thick adhesive layer with
crack tip near the interface crack tip at the center

Some parts remained un-whitened |

== B > |

Fig. 7. Enlarged images of the crack front for (a) thin adhesive layer, (b) thick adhesive layer with a
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Fig. 8. Adhesive fracture energy as a function of adhesive thickness under the quasi-static condition
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Fig. 9. Whitening length versus adhesive thickness under quasi-static condition.

As the loading rate increased, the fracture became unstable, particularly for the thicker adhesive layer.
In the case of the thick substrate specimens, unstable crack propagation was observed for most
adhesive thicknesses when the displacement speed was increased to the maximum machine speed of
0.5 m/min, as shown in Fig. 10a. When the crack propagated unstably, the maximum G value
calculated with CBBM was used as the G value for initiation. The strain rate is much higher at crack
initiation than during propagation in the case of DCB tests with elastic—plastic adhesives [31]. Thus,
the unstable crack propagation may be avoided if the crack is gradually initiated at the beginning.
Therefore, a V-shaped initial crack (Fig. 5¢) was introduced, and a stable crack propagation could be
observed over a wide range of adhesive thicknesses, as shown in Fig. 10b. In addition, the crack
propagation was stable when the displacement speed was slightly decreased to 0.3 m/min, as shown
in Fig. 11. At the same time, the deviation between types 1 and 2 became small enough to be

11



251
252
253
254
255
256
257
258
259

260

261
262

indistinguishable. A similar change was also observed in the case of the thin substrate specimens. The
deviation between types 1 and 2 can hardly be seen when increasing the displacement speed to 0.1
m/min, as shown in Fig. 12. With the machine speed increased to a maximum of 1 m/min, unstable
crack propagation was observed for the thicker adhesive layer, as shown in Fig. 13. When unstable
cracks propagated in the thick substrate specimens, the load decreased as the cracks extended, because
the specimen length was too short to permit crack arrest (Fig. 14a). Therefore, only the fracture energy
at the beginning of crack initiation was obtained. In contrast, in the thin substrate specimens, the cracks
arrested, and stick-slip propagation or initial slip and then stable propagation was observed (Fig. 14b).

Thus, the arrest fracture energy G, was also obtained.
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Fig. 10. Adhesive fracture energy as a function of adhesive thickness for a thick substrate specimen

with a loading rate of 0.5 m/min.
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with a loading rate of 1 m/min.
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276 3.2 DCB tests using an impact test machine
277  Impact DCB tests were conducted on the thin substrate specimens using a drop-weight impact test
278  machine. The displacement speed was calculated from the images. It was found to be approximately
279 0.7 m/s when the weight was released from the lowest start position and approximately 2.5 m/s from
280  the highest. In all the configurations, a cohesive fracture was observed.
281 The crack length correction |A| is essential to calculate the fracture energy in impact DCB tests.
282 Although the load, displacement, and crack length should be measured to obtain |A| in CBT, the load
283  was not measured in the impact tests in this study. Thus, it cannot be determined directly. From the
284  results obtained using the universal testing machine, |A| was found to be largely between a. — a
285  and a, — a, as shown in Fig. 15. However, the load was also used to determine a.. Thus, a, —a

286  cannot be calculated in the impact tests either. Fortunately, a. — a seems to be less independent on

287
each displacement speed were used to calculate the critical and arrest fracture energies, as shown in

288
14

the loading rate. Therefore, the average a, — a value (10.7 mm) and optically measured a,, —a at



289  Figs. 16 and 17. The solid line and dashed-dotted line indicate the least-squares fitted lines of G,
290  obtained using |A| = a,, —a and |A| = a, — a, respectively. Although the exact value cannot be
291 determined because of the above reasons, the actual fracture energies were expected to be between
292  these values. The dashed line indicates the average value of G,. At both the displacement speeds, stick-
293 slip crack propagation was observed.
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Fig. 17. Adhesive fracture energy as a function of adhesive thickness for a thin substrate specimen

with a loading rate 2.5 m/s calculated using (a) |A| = a,, —a and (b) |A] = a, — a.

In the case of the stick-slip crack propagation, whitening was only generated when the crack was stuck,
as shown in Fig. 18a. Because the energy consumed by the plastic deformation was related to the size
of the whitened area, the critical fracture energy decreased in accordance with the decrease in the
whitening length accompanying the increase in the loading rate (see Fig. 19). In contrast, G,
maintained a constant value regardless of the test conditions. During unstable crack propagation, no
whitening was observed, as shown in Fig. 18b. Thus, a narrow process zone was expected around the
crack tip when the crack was arrested, and G, was not affected by the adhesive thickness. In addition,
the unstable crack velocity was largely constant at approximately 20 m/s, as shown in Fig. 20.

Therefore, G, was also independent of the loading rate.
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Fig. 20. Determination of the average crack velocity and unstable crack velocity for a stick-slip crack
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adhesive thickness for (a) 0.7 m/s and 0.25 mm, (b) 2.5 m/s and 0.22 mm, respectively.)

3.3 Loading rate effect

Figure 21 shows the overall trend in the relationship between the fracture behavior and the adhesive
thickness. The relationship was divided into three phases based on the loading rate. With stable crack
propagation under quasi-static conditions, linear and nonlinear relationships were observed depending
on the presence of plastic deformation in the adhesive layer (first phase). When increasing the loading
rate, a transition from stable to unstable crack propagation was observed (second phase). This occurred
particularly when the adhesive layer was thicker. Under the impact loading condition, the cracks
propagated unstably at all adhesive thicknesses, and G, decreased with increasing loading rate,
whereas G, remained constant (third phase). The crack velocity increased with increasing opening
displacement speed; however, the unstable crack velocity remained largely constant, as shown in Fig.
22. With a further increase in the loading rate, the average crack velocity of the stick-slip propagation
could reach the unstable crack velocity. Therefore, another phase is expected when it reaches a much

higher opening displacement speed; this remains to be future work. Figure 23 shows the fracture
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335  energy against the opening displacement speed with several selected adhesive thicknesses. Overall,
336  the fracture energy tends to decrease as the speed increases, but it can be seen that the thicker the

337  thickness, the greater the change.
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347 3.4 Fracture energy partition
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Pardoen et al. [32] proposed the adhesive fracture energy concept, where the fracture energy is divided
into two components: the intrinsic work of the fracture associated with the cohesive zone, G, and the
additional contribution to the adhesive fracture toughness arising from the far-field plastic dissipation
and stored elastic energy within the adhesive layer, G,, as G. = Gy + G,. Additionally, G, was
assumed to be independent of the adhesive thickness. Thus, the effect of the adhesive thickness on the
fracture energy was only included in G, . Depending on the type of adhesive, several other approaches
have also been considered [14], and determining the concept that matches the results requires a case-
by-case analysis, particularly depending on the toughening mechanisms of the adhesive.

When elastomer-toughened acrylic adhesives are cured, the phase separation generates a random
distribution of the elastomer particles in the acrylic resin [4], and an elastomer-rich area and an acrylic-
rich area are formed [5]. The micro/nanoscale modulus distribution causes a complex and random
stress state. Thus, cavities and microcracks are generated, which are considered key to the toughening
mechanisms of structural acrylic adhesives. A detailed observation of the fracture surface revealed that
the cracks propagated along the brittle part, i.e., the acrylic-rich area, whereas the ductile part, i.e., the
elastomer-rich area, around the cracks was largely plastically deformed [33]. Applying Pardoen’s
concept, the former crack growth is associated with G, and the latter plastic deformation is associated
with G,,. For an unstable crack propagation, the plastic deformation effect almost disappears, and the
fracture energy that is independent of the loading rate and adhesive thickness becomes dominant.
Therefore, G, = 0 and G, = G,. In contrast, the fracture energy for a stable crack propagation has
both effects. However, the fracture energy is asymptotic to G, when the adhesive thickness
approaches zero because G, is zero at zero thickness. Therefore, Gy = G,,1.e., G, = G, — G,, is also
assumed when the cracks propagate stably. In the case of the adhesive used in this study, load-
independent fracture energy (fracture energy in arrest) was approximately 1 kJ/m? and zero thickness
fracture energy (intercept of the least-square fit) was approximately 0.9 kJ/m?, and both values were
very close. Therefore, G, should be around these values and the rest of the energy was dissipated by
the plastic deformation around the crack tip.

The slope of the relationship between the fracture energy and the adhesive thickness expresses the
change in the energy consumption per volume with increasing adhesive thickness. The slope in the
linear region of the quasi-static DCB tests was approximately 4800 kJ/m?, which corresponds to
Gp/h,qg. From the tensile test results shown in Fig. 2, the energy consumed per volume under plastic

deformation, i.e., the area under the stress—strain curve, was found to be approximately 5000 kJ/m? for
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the bulk specimen and approximately 7000 kJ/m? for the cylindrical butt joint specimen. A value
similar to the energy consumption per volume from the tensile tests confirmed that the increase in the
fracture energy with increasing adhesive thickness was mainly related to the plastic energy dissipation

in the adhesive layer.

4. Conclusion

Double cantilever beam tests were conducted to investigate the bond-line thickness effect on the
adhesive fracture energy of a second-generation acrylic (SGA) adhesive. The adhesive used in the
experiment was highly ductile and whitening was observed when plastically deformed. Therefore, the
plastically deformed area at the crack front was visualized and a change in the process zone with
varying the adhesive thickness, loading rate, and substrate thickness was clarified. Under the quasi-
static condition, the fracture energy linearly increased with the adhesive thickness when the entire
layer was whitened. However, when the thickness was increased, the crack position moved near the
interface, partial whitening was observed, and the linearity was lost. Increasing the loading rate,
unstable crack propagation was observed for a thicker adhesive layer and transitioned to stick-slip
crack propagation at all adhesive thicknesses under the impact loading condition. Furthermore, for the
stick-slip crack propagation, a decrease in the whitened area with an increase in the loading rate led to
a decrease in the critical fracture energy. In contrast, the arrest fracture energy was independent of the
loading rate and adhesive thickness. Moreover, the critical fracture energy was asymptotic to the arrest
fracture energy when the adhesive thickness approached zero. Therefore, it was concluded that the
change in the fracture energy of the SGA adhesive with the adhesive thickness is mainly attributed to
the plastic energy dissipation around the crack tip, and the intrinsic work of fracture remains constant.
However, it was also revealed that the whitening area significantly changed with the initial crack
condition and substrate rigidity. Therefore, careful discussion is required when analyzing the fracture

behavior of actual structures.
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