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Abstract

In this paper, the effects of loading rate on mechanical property and failure mode of carbon fiber reinforced plastic (CFRP) composite
and aluminum alloy (Al) single-lap adhesive joints were investigated. Four loading rates (2 mm/min, 4 m/s, 8 m/s, and 12 m/s) were
chosen to carry out the shear tests. Digital image correlation (DIC) technique was used to analyze the strain evolution of the joints.
Results showed that the shear strength increased with the increase of loading rate. When the loading rate increased from 2 mm/min to
12 m/s, the average shear strength of the joint increased from 19.3 to 29.2 MPa. The load-displacement curves under dynamic
loading had two peaks, which is mainly caused by local failure and progressive failure of the joints. There were stress concentrations
at both ends of the bonding area, which caused cohesive failure and fiber-tear failure. At both ends of the bonding area, the failure
mode was mainly cohesive failure of the adhesive, whereas the failure mode in the middle of the bonding area was mainly resin

matrix failure of the CFRP. Wherein the peak loads had a certain correspondence with failure modes and failure regions.

Keywords CFRP/aluminum adhesive joints - Bonding process - High loading rates - Failure behavior and mechanism

1 Introduction

Considering the light-weight, high-strength, anti-corrosion,
and crashworthiness, the mixed uses of carbon fiber—
reinforced plastic (CFRP) composite and aluminum alloy
(Al) have become a trend in vehicle components and aero-
space structures [1—7]. The joining methods of CFRP/CFRP
or CFRP/Al mainly consist of riveting, bolted connection and
adhesive bonding. The riveting and the bolted joining require
pre-manufactured holes, which will lead to stress concentra-
tion on the joining part or a strength reduction of the CFRP
plate. Thus, adhesive bonding has gained extensive attention
to join dissimilar materials, especially CFRP and Al, for its
relatively low stress concentration, high fatigue resistance,
corrosion resistance, good sealing performance, and reserva-
tion of structural integrity [8—12].
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In the automotive and aerospace industries, adhesive joints
are often subjected to impact loading during the fabrication or
service. The impact loading has a great influence on the me-
chanical property and failure behavior of the adhesive joints.
Hence, it is necessary to study shear strength and failure mode
of the adhesive joints at various loading rates [13]. A system-
atic study on mechanical behavior of the CFRP/CFRP single-
lap adhesive joints at different loading rates (1 mm/min—
2 m/s) was conducted by Aratjo et al. [14]. They found that
the failure load under impact was evidently higher and the
failure followed the cohesive mode in adhesive and delamina-
tion mode in CFRP. They speculated that this phenomenon
was due to strain rate sensitivity of adhesive and CFRP resin.
The performance of CFRP/CFRP and CFRP/AI single-lap
adhesive joints at quasi-static and impact conditions (1 mm/
min—3 m/s) was performed by Machado et al. [15, 16]. All the
adhesive single-lap joints tested were found to exhibit strain
rate dependency. Srivastava et al. [17] researched the effect of
loading rates on shear strength of the single-lap adhesive
joints. Results showed that the shear strength of the joints
increased when the loading rate increased. The axial residual
properties of the CFRP/AI single-lap adhesive joints under
different strain rates (1.3 mm/min—5 m/s) after low-velocity
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transverse pre-impact were studied by Liu et al. [18]. They
found that the joint strength showed a rising tendency with
increasing strain rate, and the failure mode of the adhesive
joints transformed from the cohesive and adhesive failure to
the cohesive and fiber-tear failure.

Although dynamic behavior and failure mode of the adhe-
sive joints have been studied by some scholars, they are not
systematic and in-depth. Especially, the effect of dynamic
loading rates on microscopic failure mechanism of the
CFRP/ALl single-lap adhesive joints has not been fully and
systematically investigated.

In this work, the aim was to investigate the effects of dy-
namic loading rates (2 mm/min—12 m/s) on mechanical prop-
erty and failure behavior of the CFRP/ALl single-lap adhesive
joints. The failure process was recorded by means of a high-
speed camera. In order to analyze the full field strain distribu-
tion of the joint, the digital image correlation (DIC) technique
was adopted. In addition, the microstructure morphology of
the failure surface was observed by scanning electron micro-
scope (SEM). Based on the test results, the reasons for the
difference of the joint performance at various loading rates
were analyzed.

2 Experimental
2.1 Materials

In this study, the CFRP composite laminate, the aluminum
alloy 5182 (AI5182) and the epoxy adhesives were used in
the CFRP/A15182 adhesive single-lap joints. The properties of
CFRP composite laminate are presented in Table 1. The ma-
trix in the CFRP laminate was epoxy resin. The material pa-
rameters of Al5182 plate and adhesive are showed in Tables 2
and 3, respectively.

2.2 Specimen preparation

The CFRP and Al5182 plate were cut into the size of 25 mm X
100 mm (WxL), and the dimensions of CFRP/AI5182 single-
lap adhesive joints were designed according to ISO 4587 stan-
dard [19] as shown in Fig. 1. The thickness of CFRP and
Al5182 plate were 2.5 mm and 1.8 mm, respectively. The size
of bonding area was 25 mm X 12.5 mm (WXL) and the thick-
ness of the adhesives was 0.2 mm. It should be pointed out that

the thickness (D) of the adhesives had considerable effects on
the bond strength and failure mode [20]. Thus, it was very
important to ensure that the adhesive thickness of all the spec-
imens was consistent. A shim of certain thickness (herein was 2
and 2.7 mm) was used to ensure the thickness of the adhesives.

According to report [21], the surface treatment had a sig-
nificant effect on bonding performance. The performance of
the joints without surface treatment was unsatisfactory in the
previous study. Hence, emery clothes of P360 were used to
polish the surface of CFRP and Al5182 plates in order to
improve the performance of the joints. Then, the surface was
cleaned after being polished.

A thermostatic drying oven was used in the curing process.
During the curing process, the viscosity of the adhesive would
decrease. The Al plates would also move slightly due to ther-
mal expansion. Thus, the specimens needed to be fixed to
ensure the sizes of the bonding area.

The process of specimen preparation was as follows: first,
emery clothes were used to polish the surface of the CFRP/Al
plates. Then the plates were cleaned and the adhesives were
evenly daubed on the joining area of CFRP/Al plates. Two
plates (CFRP/A15182) were aligned and lapped together, and
the shims and fixtures were used to ensure the thickness of the
adhesives. Finally, the adhesive joints were cured in a thermo-
static drying oven at 180 °C for 2 h.

2.3 Principles and apparatuses of the test

To investigate the effect of high loading rate on the
CFRP/AI5182 adhesive single-lap joints, four loading rates
were selected in the shear tests (one for quasi-static shear test,
2 mm/min, and three for high-speed shear tests, 4 m/s, 8 m/s,
12 m/s). Five repeated trials were carried out under each load-
ing rate. All the tests were performed at room temperature
(25 °C). The shear strength is given by Eq. (1).

r = F/(BL) (1)

Where 7 is the shear strength, F is the tensile load, B is the
width of the joint, and L is the length of the overlap.

Quasi-static shear tests were implemented with the univer-
sal testing machine. High-speed shear tests were conducted
with the high-speed testing machine. The loading rate range
of the high-speed testing machine is 0.001 m/s—20 m/s, and
the maximum loading force can reach to 50 kN.

Table 1 Properties of CFRP

composite laminate Brand  Fiber Fiber Resin Tensile Tensile Layer ply
strength modulus volume strength modulus number  orientation
(MPa) (GPa) fraction (MPa) (GPa)
T300 3530 230 40% 911 76 17 0°, 90°
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Table 2 Material parameters of

Al5182 plate Density Young’s modulus Yield strength Poisson’s ratio AlS5182 plate
(kg/m3) (GPa) (MPa) thickness (mm)
2560 70 150 0.33 1.8

The DIC technique was used to analyze the strain distribu-
tion of the joints during the shear tests. The surfaces of A15182
plates were chosen in the DIC analysis. The strain field of the
surface could represent the strain distribution of the bonding
area. The failure process was observed and recorded by the
high-speed camera. The strain was calculated by the commer-
cial DIC software (Vic-2D 6) through tracking the movement
of the speckle (the movement of each pixel) from initial im-
ages to deformed images. The layout patterns of high-speed
test system are shown in Fig. 2. The failure surfaces were
observed by the scanning electron microscope (SEM).

3 Result and discussion

3.1 Mechanical performance analysis and failure
stages division

Figure 3 shows the typical shear load-displacement curves of
the CFRP/AI5182 adhesive single-lap joints. From Fig. 3(a),
the curves under quasi-static and high-speed shearing were
significantly different. During the quasi-static shearing tests,
the shear load kept increasing until the joints failed accompa-
nied by slight fluctuations. However, the curves during the
high-speed shearing exhibited greater fluctuations. The fluc-
tuations might be generated by the micro-crack propagation
and the local progressive failure of the joints. The difference
of fluctuations degree between high-speed and quasi-static
curves was mainly caused by the loading rate effect of the
adherends and the time and sufficiency of micro-crack propa-
gation. Moreover, the failure load of the joint at quasi-static
was lower than that at high-speed, and the failure load of the
joint elevated with the increase of loading rate.

Both high-speed and quasi-static shearing process could be
divided into three stages as shown in Fig. 3(b) and (c): (I) the
loading stage (the load kept rising and the adherends began to
deform); (II) the wavy stage (the curves fluctuated since the
cracks generated and extended in the bonding area); (III) the joint
failure stage (the softening region with the catastrophic fracture).

It could be observed that the curves of the high-speed
shearing tests had two peaks during the failure process. The
peaks were marked as Peak A and Peak B as shown in Fig.
3(b). The average value of the Peak A and Peak B at different
loading rates are presented in Table 4. The value of Peak A
was smaller than that of Peak B. Peak B was relatively more
affected by loading rate than the Peak A. At the loading stage
(I), the joint began to deform while the loading force rose. The
micro-cracks were generated in the adhesive and the CFRP
resin matrix, and the load was decreased to enter the stage of
load fluctuations. At the wavy stage (II), the shear load went
down first and then went up to Peak B. This phenomenon was
mainly caused by local failure and progressive failure of the
joints. From the failure behavior analysis (in Section 3.2) be-
low, it was known that the failure mode of the joints had also
changed in this process. During the high-speed shearing tests,
the failure of the joints was not completed in an instant.
Because the Al5182 plate would undergo large deformation,
the micro-cracks were more likely to occur in the deformed
area, resulting in local failure. The local failure occurred be-
fore catastrophic failure, and the failure mode of the joints had
changed simultaneously. Hence, the load was temporarily de-
creased on account of the transition of the failure mode in the
joints. Nevertheless, the joints were still able to withstand
larger load. The load rose again until the joint finally failed.
At the joint failure stage (III), the cracks propagated quickly
after Peak B and the shear load went down. The Peak B was
the maximum load that the joint could withstand, which rep-
resented the shear strength of the joint.

The average shear strength of the CFRP/AI5182 single-
lap adhesive joints under different loading rates are illustrat-
ed in Fig. 4. It could be observed that the joint shear strength
increased with the increase of loading rate. Compared with
the quasi-static condition (2 mm/min), the shear strength of
the joints at dynamic loading rate of 4 m/s, 8 m/s, and 12 m/s
had increased 14.29%, 41.82%, and 51.19%, respectively.
One of the reasons for this phenomenon was the difference
in the time and sufficiency of the micro-crack propagation of
the joint under various loading rates. Figure 5 shows the
shear load-time curves of the shearing tests. The shear

Table 3 Material parameters of

adhesives Curing Curing time Density Young’s modulus Poisson’s ratio
temperature (°C) (min) (kg/m3) (GPa)
180 120 1300 2.20 0.36
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Fig. 1 Geometry and dimensions
of the single-lap joint specimens
(Unit: mm)
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process lasted for less than 1 ms in the high-speed shearing
tests. However, in the quasi-static shearing tests, the shear
process lasted for more than 40 s, much longer than the high-
speed shearing tests. For the selected four loading rates, the
fracture time of the joints decreased with the increase of
loading rate. And the ratio of the fracture time of two loading
rates was approximately equal to the inverse ratio of the
corresponding loading rate. The shear duration would affect
the propagation of micro-cracks in the failure process of the
joint. When the loading rate was low, the loading and failure
process of the joint was longer. After the micro-cracks were
generated, they had more time to extend within adhesive,
bonding interface or CFRP resin matrix. Full extension of
the micro-cracks reduced the maximum load that the joint
could withstand and the shear strength decreased. Under
conditions of high-speed shearing, since failure process of
the joints lasted for a very short time, the micro-cracks were
not fully extended, so that the joint had a higher strength and
could bear a higher shear load.

Fig. 2 The layout patterns of the
test system
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In addition, there were many other factors that contribute to
the difference in shear strength of the joint at different loading
rates. The difference in stiffness of the joint at different load-
ing rates was also one of the reasons of this phenomenon. The
stiffness of the CFRP/A15182 adhesive single-lap joints under
different loading rates are illustrated in Fig. 6(a). It could be
observed that the joint stiffness increased with the increase of
loading rate. Compared with the quasi-static condition (2 mm/
min), the stiffness of the joints at dynamic loading rate of
4 m/s, 8 m/s, and 12 m/s had increased 85.5%, 94%, and
96.7%, respectively. The joint was strengthened in high speed
and the joint stiffness was also significantly increased, which
made the adherends less susceptible to warping during tensile
deformation process. Hence, the deformation of the adherends
was reduced, and the peeling stress of the joint during the
shearing process became smaller. In this case, the shear resis-
tance of the joint was good and the peeling resistance was
poor. In other words, the reduction of the deformation of the
adherends was beneficial to reduce the peeling stress during
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Fig. 3 Typical shear load- (a) 10000
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the joint shearing process and thus to improve the joint
strength [22, 23].

During the shearing tests, the joint needed to absorb energy
until reaching the failure energy to make the joint failure. As
the loading rate was increased, the duration of the joint failure
process was greatly shortened, and the load of the joint rose
rapidly to reach the failure energy in a shorter time, thus the
joint failure load was higher in the high-speed shearing tests.
The average elongation of the A15182 plate of the joints under
different loading rates is shown in Fig. 6(b). The Al15182 plate
of'the joints had plastic deformation in all shearing tests. In the
quasi-static shearing tests (2 mm/min), there was a large elon-
gation as the joint had a long duration of plastic deformation.
However, in the high-speed shearing tests, due to the short
duration of the shearing process, the joint had been broken

Table 4 The average of Peak A and Peak B at dynamic loading rates

Loading The value The value

rate (m/s) of Peak A (N) of Peak B (N)
5854.44 6907.88

8 6531.65 8488.05

12 6581.82 9165.27

1 2 3 4 5

Displacement (mm)

in the early stage of plastic deformation of Al15182 plate, and
the elongation was much lower than that of the quasi-static
shearing. A smaller amount of elongation meant that the
adherends absorbed less energy in the loading stage.
Therefore, more energy needed to be absorbed when the joint
eventually failed.
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Fig. 4 The average shear strength of the CFRP/AI5182 single-lap
adhesive joints under different loading rates
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Fig. 5 Shear load-time curves of the CFRP/A15182 single-lap adhesive joints under different loading rates: a in high-speed tests; b in quasi-static tests

3.2 Failure behavior analysis

The failure behavior of the CFRP/A15182 single-lap adhesive
joints could be divided into several types: the adhesive failure,
the cohesive failure, the CFRP failure, the adherend break
failure, and the mixed failure [24]. Adhesive failure represent-
ed that the debonding failure occurred on the interface be-
tween adhesive and adherends. Cohesive failure represented
that the failure occurred inside the adhesive. The CFRP failure
included resin matrix failure (the surface of CFRP peeled off)
and fiber-tear failure, which represented that the failure oc-
curred in the CFRP plate. The mixed failure included two or
more of the abovementioned various failure modes.

In this study, the failure behavior of the CFRP/AIS182
adhesive single-lap joints was mainly cohesive failure (A),
fiber-tear failure (B), and resin matrix failure (C) as shown
in Fig. 7. The failure behavior at both ends of the bonding
area was mainly cohesive failure. The cohesive failure

occurred due to high stress concentrations at both ends of
the overlapping area. Close to this area, there was a small
region of cohesive failure and fiber-tear failure mixed failure
behavior. Wherein, carbon fibers were sheared and broken
from the edge of the area. Nevertheless, the failure behavior
in the middle of the bonding area was mainly resin matrix
failure. Because the stress distribution in the middle of the
bonding area was uniform, the failure behavior was dominated
by resin matrix failure. Simultaneously, it indicated that the
strength of the adhesive had reached or exceeded the strength
of the CFRP resin matrix.

The observation points (1, 2, 3) and microstructure mor-
phology of the failure surface were clearly observed by SEM
micrographs as shown in Fig. 8(a) and (b). It could be evi-
dently seen that the cohesive failure and the fiber-tear failure
occurred at the both ends (1, 3) of the bonding area. Whereas,
at the middle of the bonding area, the carbon fiber-tear failure
rarely occurred, the failure mode was mainly the CFRP resin

(@) (b)
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= E
E ~~
s / :
\5 2.0x10° = 4
£ 8
& 5
E 2
2 Lexof L 3
=2
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Fig. 6 The stiffness and elongation of the CFRP/AI5182 single-lap adhesive joints under different loading rates: a joint stiffness; b average elongation of

the joints
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o 2 T3 L T,

Fig. 7 The failure behavior mode of the CFRP/A15182 adhesive single-
lap joints: A. cohesive failure; B. fiber-tear failure; C. resin matrix failure

matrix failure. Therefore, the failure mode was mainly cohe-
sive failure and fiber-tear failure in both areas of 1 and 3, and
the failure mode was mainly resin matrix failure in the area of
2. But the fiber-tear failure mainly occurred at the junction of
the cohesive failure and the resin matrix failure.

Furthermore, it could be found that the failed resin matrix
exhibited a jagged edge failure surface. And the jagged edges
were always slanted to the shearing direction of the adherends
as shown in Fig. 9. This showed that the cracks did not spread
in straight lines, the crack propagation process had undergone
countless repeated processes. Within each individual

Fig. 8 Observation points and
microstructures of the failure
surface: a the selected observation
points (1, 2, 3); b the
microstructure

propagation process, the cracks propagated at an angle close
to 45° to the largest diameter of the carbon fiber. Due to the
limitation of the structure, they could propagate transversely
rather than further downward under the influence of tensile
force, and then entered the next cycle.

To compare and analyze the differences of the failure behav-
ior modes at various loading rates, the failure surfaces (the
bonding areas) were divided into three regions as shown in
Fig. 10. At the bonding area near the side of A15182 plate, there
was a large amount of adhesive cohesive failure area, which
was Region 1. At the bonding area close to the side of CFRP
plate, there was a small amount of adhesive cohesive failure
area, which was Region 3. The middle area was mainly the area
of the CFRP resin matrix failure, which was Region 2. Region
1, Region 2, and Region 3 were on Al5182 plate. The corre-
sponding areas on CFRP plate were Region 1’, Region 2', and
Region 3', respectively. Region 1 and Region 1’ were the same
areas on different substrates (the Al15182 and CFRP plate). At
the same loading rate, both Region 1 and Region 3 were mainly
cohesive failure of the adhesive, but their proportion was sig-
nificantly different. The area of Region 1 was significantly larg-
er than the area of Region 3. The asymmetry of the distribution
of the residual adhesive revealed that the generation and prop-
agation of the cracks in the joints were also asymmetrical. As
shown in Table 5, the area proportion of Region 1 was different
at various loading rates. In the high-speed shearing tests, the
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Fig. 9 Jagged edges on the failed
resin matrix

area proportion of Region 1 increased with the increase of load- In the high-speed shearing tests, the area proportion was
ing rate. There was no significant change in the area proportion ~ affected by loading rate and failure load. When the load
of Region 3. But in the quasi-static shearing tests, the propor-  reached the Peak B, cracks generated inside the adhesive joint,
tion of each area was different. The area proportion of Region 1 brittle fracture occurred, and the joint eventually failed. Due to
in any high-speed shearing tests was smaller than that of Region ~ the higher shearing rate, the failure load of the joint was larger,
1 in quasi-static shearing tests. and the first failed region (Region 1) needed to withstand a

Fig. 10 The failure behavior
partition of the joints at various
loading rates
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Table 5 The area proportion of Region 1 and Region 3

Loading rate Area proportion

of Region 1 (%)

Area proportion
of Region 3 (%)

2 mm/min 40 <2
4 m/s 10~13 <2
8 m/s 20 <2
12 m/s 25~32 <2

higher load. As a consequence, the proportion of the cohesive
failure of the adhesive was greater (namely a larger Region 1).

From Fig. 10(a), the area proportion of various regions of
the quasi-static shearing tests was completely different from
that of the high-speed shearing tests. And the proportion of the
cohesive failure of the adhesive was higher in the quasi-static
shearing tests. This phenomenon was mainly caused by the
different durations of crack propagation. The duration of the
joint failure process was much longer in the quasi-static shear-
ing tests. The micro-cracks had enough time to extend in the
adhesive and CFRP resin matrix. The full extension of the
micro-cracks reduced the maximum load that the adhesive
could withstand. Although the proportion of adhesive cohe-
sive failure was greater in the quasi-static shearing tests, due to
the sufficient extension of the micro-cracks, there were many
defects in the adhesive, and the strength was degraded. Hence,
the maximum load that the joint in the quasi-static shearing
tests could bear was lower than that of the joint in high-speed
shearing tests.

3.3 Adhesive joint failure mechanism

Based on the failure behavior analysis of the joints, it could be
found that the failure mode of the joint was not symmetric
along the center of the bonding area. One side was mainly
the adhesive cohesive failure, and the other side was mainly
the CFRP failure. This phenomenon indicated that the crack
propagation of the joint was asymmetric, that is, the crack was
not generated simultaneously from both ends of the bonding
area and propagated to the middle of the bonding area. In
order to find out the failure process and failure mechanism
of the adhesive joints, the full field strain distribution was
analyzed.

Figure 11(a) shows the force-displacement curves and the
displacement of each peak of the joints in the high-speed
shearing rates. Figure 11(b)—(d) shows strain contours of the
joints at different displacement points in the high-speed shear-
ing rates. It could be observed that the difference of the strain
field distribution of the joints was not large at different shear-
ing rates. The distribution of the strain at both ends of the
bonding area was large and the distribution in the middle area
was small. But the maximum strain values had certain

differences. The strain field of the bonding area was uniform
at the beginning stage of the shearing tests. As the load in-
creased, the stress and strain also increased. The strain field
distribution of the three regions was also gradually changed in
the shearing process. For A15182 and CFRP plates, the stress
and strain were a positive correlation during the shearing pro-
cess. The strain increased as the stress increased. At both ends
of the bonding area (the uppermost and lowermost parts of the
strain contours), the strain (¢,,) kept rising in the early stage of
the loading process. The stress values were also higher at both
ends of the bonding area during the shearing process. The
strain of Region 1 first reached the maximum value, and then
the strain of Region 3 reached the maximum value when the
joint finally failed. The maximum strain was found at both
ends of the bonding area (Region 1 and Region 3).
Howeyver, there were some differences of the strain distribu-
tion of the bonding area at different loading rates, which was
caused by the difference in the deformation of the joints dur-
ing the shearing process.

In the analysis of strain field, the bonding area which was
close to the side of the Al5182 plate (Region 1) deformed
carlier than the other side which was near the side of the
CFRP plate (Region 3). Similarly, the strain of Region 1 rose
to the maximum value earlier than that of Region 3, which was
caused by the failure process of the joints as shown in Fig. 12.
Since the two plates (CFRP and Al5182) were not precisely
collinear in the process of deformation, a torque appeared on
the account of the unaligned pulling forces of the two plates in
the tension process, which resulted in a bending in the joints as
shown in Fig. 12(b) and (c). What’s more, the Al5182 plate
was easily deformed whereas the CFRP plate was not easy to
deformation. Under the influence of torque, the A15182 plate
was plastically deformed, and the bonding area near the side
of the A15182 plate (Region 1) had warped deformation. The
adhesive was also difficult to deform. When the Al5182 plate
warped deformation, the adhesive was subjected to both the
shearing and peeling forces, which made it easier to be peeled
off to cause cracks and then failed (the cohesion failure).
Therefore, the cracks generated first in Region 1 due to stress
concentration and large warpage deformation of the Al5182
plate.

Then the adhesive joint continued to be stretched and de-
formed by the combination of the shearing and peeling force.
Due to the low strength of the CFRP resin matrix, the cracks
spread rapidly in the carbon fiber, and the surface of the CFRP
plate was peeled off in Region 2 (the resin matrix failure).

Finally, at the bonding area near the side of the CFRP
plate (Region 3), since the CFRP plate was hard to be
deformed, the adhesive was subjected to a much smaller
peeling force and failed more slowly. Thus, during the
loading process, the cracks finally appeared in Region 3
and caused a small proportion of the cohesion failure of
the adhesive.
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Therefore, the failure sequence of the CFRP/A15182
single-lap adhesive joint was Region 1-Region 2-Region
3, which was consistent with the results of the full field
strain analysis.

The failure analysis schematic diagram of the
CFRP/AI5182 single-lap adhesive joint is shown in Fig. 13.
The failure load curve could be divided into three stages. The
failure modes mainly included the cohesive failure, the fiber-
tear failure, and the resin matrix failure. The bonding area
could be divided into Region 1, Region 2, and Region 3.
The Peak A and Peak B corresponded to Region 1 and
Region 3, respectively. The sequence of joint failure processes
was from Region 1 to Region 2 to Region 3. The cohesive
failure and the fiber-tear failure were occurred in Region 1 and
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Region 3 due to the phenomenon of stress concentration.
Wherein the fiber-tear failure mainly happened at the junction
near Region 2. Because of the weaker strength of the CFRP
resin matrix compared to the strength of the adhesive, the
CFRP resin matrix failure occurred in Region 2. The cracks
originated in Region 1 at first, and then propagated to Region
2, Region 3, and eventually the joint failed.

4 Conclusions

In this study, the effects of high loading rates on mechanical
property, failure mode, and microscopic failure mechanism of
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Fig. 12 The schematic diagram
of the failure process: a specimen
assembly method; b deformed
under the influence of torque; ¢
deformed of the joint; d cracks
generated and propagated; e joint
failed
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adhesive joints. The shear strength and the stiffness of the
joint increased with the increase of the loading rate. When
the loading rate increased from 2 mm/min to 12 m/s, the
average shear strength of the joint increased from 19.3 to
29.2 MPa.

2. The CFRP/AI5182 single-lap adhesive joints had the sim-
ilar failure behavior mode under various loading rates. At
both ends of the bonding area, the failure mode was main-
ly cohesive failure and fiber-tear failure. At the middle of
the bonding area, the failure mode was mainly resin ma-
trix failure. Wherein the fiber-tear failure mainly occurred
at the junction of the cohesive failure and the resin matrix
failure.

3. According to the failure mode and location, the failure
surface (the bonding area) of the adhesive joints could
be divided into three regions. And the area proportion of
each failure mode was different at various loading rates.
There was a largest proportion of the cohesive failure of
the adhesive in the quasi-static condition.

4. The full field strain analysis showed that the strain values
varied greatly at both ends of the bonding area due to
stress concentration. The plastic deformation of Al5182
plate would occur under the influence of torque during the
shearing process, which led to the adhesive being more
susceptible to failure. The cracks firstly generated at one
end of the adhesive joint (Region 1) and extend rapidly
until the joint completely failed.

5. Peak A and Peak B corresponded to Region 1 and Region
3, respectively. The sequence of the CFRP/A15182 single-
lap adhesive joints failure processes was from Region 1 to
Region 2 to Region 3.
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