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Abstract
In this study, the mechanical properties and failure characteristics of bolted and hybrid 
bonded-bolted GFRP/Al joints under different loading speeds were investigated. The fail-
ure process and strain evolution were recorded using high-speed cameras and digital image 
correlation (DIC) techniques. The micro-morphology of the fracture was also investigated 
to explore the effect of loading speed on the fracture mode. The results showed that the 
peak load, failure displacement, and energy absorption for all joints were sensitive to the 
loading speed. The peak load and energy absorption of the hybrid joints were higher than 
that of the bolted joints under both static and dynamic loading. The loading speed had no 
significant effect on the failure mode of GFRP material in bolted joints, which were all 
shear-out failures. While for the hybrid joint, the addition of the adhesive layer changed 
the failure mode of GFRP material from shear-out failures to tension failures. As the load-
ing speed increased, the final failure area of GFRP in hybrid joints gradually decreased. In 
hybrid joints, a greater amount of bearing damage preceded a final tension failure in GFRP 
material with the increase in loading speed. The fracture surface became flatter and the 
pulled-out fiber bundles were more integral due to the fact that cracks within the material 
could not extend sufficiently at high loading rates.

Keywords  GFRP laminate · Hybrid joint · High-speed tensile · Failure behavior and 
mechanism

1  Introduction

Fiber-reinforced plastics (FRPs) have extensive applications in diverse fields including 
aerospace, automotive industry, marine vessels, and constructions, owing to their distinc-
tive attributes of specific strength, specific stiffness, and lightweight characteristics [1, 2]. 
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Typical fiber-reinforced plastics are carbon fiber reinforced plastics (CFRP) and glass fiber 
reinforced plastics (GFRP). CFRP stands out for its superior strength and stiffness levels. 
CFRP is preferred for high-end products that require high strength and lightweight due to 
its high cost [3, 4]. Compared to CFRP, GFRP possesses notable advantages such as excel-
lent dielectric properties, non-flammability, and cost-effectiveness, playing an irreplace-
able role in certain domains [5, 6]. With the widespread use of composites, the joining of 
composite materials with other materials becomes a critical issue.

Commonly employed joining methods are mechanical joining (such as riveting and 
bolting), adhesive bonding, and welding [7–10]. Mechanical joints are efficient and capa-
ble of bearing substantial loads, but the bolt hole destroys the continuous fiber, resulting 
in a stress concentration at the hole edge. Bonded joints are effective but have limitations 
in carrying heavy loads. Hybrid bonded-bolted/riveted joints, which integrate mechani-
cal joining and adhesive bonding, have been demonstrated to combine the advantages of 
both methods, thereby enhancing joint performance. For example, Chen et al. [11] investi-
gated the quasi-static tensile properties of CFRP/Al bonded, riveted, and hybrid joints. The 
results showed that hybrid joints obtained higher peak loads and higher energy absorption 
levels compared to riveted and bonded joints; the addition of adhesive to riveted joints can 
prevent the formation of catastrophic damage. Paliwal et  al. [12] investigated the failure 
mechanisms of CFRP bolted, bonded, and hybrid joints under quasi-static loading and con-
cluded that hybrid joints had stronger damage tolerance. In typical circumstances, joints 
endure consistent quasi-static or cyclic loads. However, the mechanical behavior of materi-
als under dynamic loading differs from that under static loading, and it is essential to inves-
tigate the behavior of joints under dynamic loads.

Several scholars have conducted investigations on the performance of composite 
material joints under dynamic loading conditions. It was demonstrated that varying joint 
structures exhibit diverse behaviors in response to distinct loading rates. Jiang et al. [13] 
investigated the behavior of CFRP/Al electromagnetic self-piercing riveted joints under 
high-speed loading, and the results showed that the joints had high shear resistance at 
higher loading speeds; the energy absorption of the joints decreased with the increase of 
loading speed, and the loading speed had a significant effect on the damage mode. Zuo 
et al. [14] investigated the performance of CFRP/Ti pinned single lap joints under high-
speed loading, and the results showed that the ultimate load decreased with the increase 
of loading speed; the failure mode was dominated by CFRP damage, which started to fail 
in the bearing damage mode, but eventually failed in the tearing damage mode. Egan et al. 
[15] investigated the performance of CFRP bolted joints under high-speed loading and they 
also found that the shear performance of the joint decreased with increasing loading rate. 
Heimbs et al. [16] investigated the performance of CFRP bolted joints under static loading, 
2 m/s, and 10 m/s loading rates. It was concluded that there was no obvious rate sensi-
tivity in terms of damage modes and force-displacement behavior of single-bolted joints. 
Whereas, the damage modes and force-displacement behavior of double bolted joints were 
rate sensitive.

Besides mechanical joints, the investigation of the performance of bonded joints under 
different loading rates was also published. Liu et al. [17] investigated the performance of 
CFRP/Al bonded joints at 1.3 mm/min, 0.1 m/s, 1 m/s, and 5 m/s tensile rates. It can be 
obtained that the strength of the joints increased with the increase of the loading rate, and 
the damage mode of the joints gradually changed from the bond damage mode to the fiber 
tear damage mode. Wang et  al. [18] investigated the performance of CFRP/Al bonded 
joints at 2 mm/min, 4 m/s, 8 m/s, and 12 m/s tensile rates and the shear strength of the 
bonded joints was found to increase with the increase of loading rate.
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However, the research on the performance of joints under dynamic loading mainly 
focuses on CFRP, and the dynamic tensile properties of GFRP joints have not yet been 
studied. Additionally, the current research only focuses on the dynamic loading mechani-
cal properties and failure mechanism of a single mechanical joint or bonded joint, while 
mechanical properties and failure mechanisms of hybrid bonded/bolted joints under 
dynamic loading are not clear. Therefore, hybrid bonded-bolted joints and bolted joints 
were selected to study the effects of different loading speeds (2 mm/min, 1 m/s, 5 m/s, and 
10 m/s) and adhesive layers on the mechanical properties and failure mechanism of joints 
in this paper. The corresponding mechanical properties were analyzed and compared in 
detail. The failure process of the joints was recorded using high-speed cameras, and the 
full-field strain of the failure process was analyzed by the digital image correlation (DIC) 
method. The microscopic fracture was characterized using a scanning electron microscope 
(SEM). The failure modes and mechanisms of the joints under different loading speeds 
were discussed and analyzed.

2 � Experimental Work

2.1 � Materials and Specimen Preparation

In this study, the substrates of joints were GFRP laminates and 6061 aluminum alloy 
sheets. GFRP laminates (Weihai Guangwei Composites Co., Ltd) were fabricated by the 
technique of prepreg vacuum bagging, composing of unidirectional fiber fabrics and epoxy 
resin. The total thickness of GFRP laminates (made of 20 layers of unidirectional fiber 
prepreg with the stacking sequence of [0/90/45/-45]s) was 3 mm. The M6 Q235 steel bolts 
were implemented to fabricate joints of GFRP and aluminum sheets. The two-component 
epoxy structural adhesive Araldite 2015 (Huntsman, USA) was utilized to bond the GFRP 
laminate and aluminum alloy sheets. Their mechanical properties are presented in Table 1.

Figure 1 shows the detailed geometric parameters of the hybrid joint. The GFRP lami-
nates and aluminum alloy substrates were cut to the dimensions of 100 mm × 25 mm using 
a 4-axis CNC machining center. Before the bonding operation, the substrate’s overlap area 
was unidirectionally grinded (at a direction of 45° angle along the material’s length) using 
300-grit sandpaper. Subsequently, the substrate was cleansed with acetone to remove con-
taminants on the surface (e.g. oxidized layers, dust, and grease). The thickness (0.5 mm) of 
the adhesive layer was controlled using a specifically designed mold. The adhesive speci-
mens were heated at 60 °C for 5 h using a constant temperature oven to reach a certain 

Table 1   Mechanical properties of GFRP, 6061 aluminum alloy, Q235 steel bolt, and Araldite 2015 adhesive 
[19–21]

Characteristic GFRP unidirec-
tional

6061 aluminum 
alloy

Q235 steel bolt Araldite 
2015 adhe-
sive

Density(g/cm3) 1.8 2.7 7.8 1.54
Young’s modulus (GPa) 42 68.9 202 1.85
Poisson’s ratio 0.34 0.33 0.3 0.33
Tensile strength (MPa) 950 310 445 21.6
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strength and then cured naturally at room temperature for 5 days to achieve their best 
mechanical properties. Before conducting the bolting operation on the cured GFRP/Al 
specimens, the joining holes were drilled at the center of the overlap area. A preload torque 
of 3.5 N was applied to the bolts. Substrate dimensions, hole sizes, and preload force levels 
in bolted joints were the same as those in hybrid joints. To reduce the effects of eccentric 
loading in tensile tests, tabs of the same size were pasted at both ends of the single-lap 
joints as a clamping member.

2.2 � Experimental Procedure

Static tensile tests and dynamic tensile tests were conducted on both bolted joints (BJ) and 
hybrid joints (HJ). The static load test was conducted using a universal testing machine 
with a tensile speed of 2 mm/min. The dynamic load test was carried out on a high-speed 
tensile testing machine (Zwick HTM16020), which can provide a maximum tensile force 
of 100kN and tensile speed of 0.01 m/s-100 m/s. The high-speed tensile test equipment is 
shown in Fig. 2. The dynamic tensile speeds were set to 1 m/s, 5 m/s, and 10 m/s, respec-
tively. High-speed cameras were utilized to photograph the front, back, and side of the 

Fig. 1   Geometric parameters of hybrid joint

Fig. 2   High-speed tensile test equipment
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joint to record the failure process in detail. The frame rates of the high-speed camera were 
selected based on the loading speeds. Frame rates of 20,000, 50,000, and 100,000 frames 
per second (fps) were set for loading speeds of 1 m/s, 5 m/s, and 10 m/s, respectively. The 
lap area was sprayed with black and white paint to create a scatter for strain field analysis. 
In order to analyze the strain variation of the substrate during the tensile process, longitudi-
nal plane engineering strains were calculated using XTDIC-2D software. The microscopic 
failure mechanisms of adhesive joints were analyzed via an SEM.

3 � Result and Discussion

3.1 � Dynamic Mechanical Responses

Figure 3 depicts the load-displacement (L-D) curves of bolted and hybrid joints under dif-
ferent loading speeds. Comparing Fig. 3(a) and (b), it could be seen that the L-D curves of 
bolted joints under quasi-static load were smoother than those under dynamic load. The 
fluctuant phenomenon was the typical responses (multilayer progressive damage) of the 
composite at dynamic load [22]. From Fig. 3(c), it can be seen that the L-D curves can 
be divided into the adhesive load-carrying stage (stage I) and the bolt load-carrying stage 
(stage II). The L-D curves of hybrid joints exhibited significant oscillations during stage II, 
which was caused by the impulse when the dynamic load excited the test system [23]. The 

Fig. 3   L-D curves of a bolted and hybrid joints under static load, b bolted joints under dynamic load, c raw 
and d filtered L-D curves of hybrid joints under dynamic load
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impulse signals were mainly from the damage of adhesive, which means that the cases with 
more damage had more evident oscillation of mechanical responses. The filtering method 
can be used to mitigate this issue [24]. To be specific, the upper and lower envelope of the 
oscillation curve were calculated, and their average value was the final filtered mechanical 
response for further analyses [25]. The filtered curves are shown in Fig. 3(d). The filtered 
curves can be used to analyze the mechanical properties of hybrid joints under dynamic 
load, as shown in Fig. 4.

Figure 4(a) shows the peak loads of bolted and hybrid joints at different loading speeds. 
It can be obtained that the peak load of the bolted joints increased with the increase in 
loading speed. This is due to the rate sensitivity of GFRP material. The peak load of hybrid 
joints of 1 m/s loading speed was higher than that of 2 mm/min, while the peak load of 
5 m/s and 10 m/s was lower than that of 1 m/s. The difference in peak loads at different 
loading speeds may be due to the failure mode was different at different loading speeds. 
The peak load of the hybrid joints was higher than that of bolted joints at the same loading 
speed, indicating that the hybrid joints had better load-carrying capacity under both static 
and dynamic loading.

The failure displacement and energy absorption of bolted and hybrid joints at different 
loading speeds are presented in Fig.  4 (b) and (c). The failure displacement and energy 
absorption of both bolted and hybrid joints exhibited similar trends with changes in load-
ing speed. Specifically, the failure displacement and energy absorption increased with the 
increase of loading speed when the loading speed was below 5 m/s but decreased signif-
icantly when the loading speed reached 10  m/s. Normally, the failure displacement and 
energy absorption of the joints were significantly decided by the deformation of the matrix 
material [26, 27]. The joint structure used in this experiment consisted of three materials: 
GFRP, aluminum alloy, and adhesive. GFRP and adhesive had little plastic deformation 
during the loading process due to their brittle material characteristics. However, more obvi-
ous plastic deformation occurred on the aluminum alloy during the loading process, and 
the amount of deformation varied with the change in loading speed, which in turn led to 
different failure displacements and energy absorption. The specific reasons for this will 
be elaborated in the next section. Under the same loading speed, the energy absorption 
of the hybrid joints was higher than that of the bolted joints. The peak load of the hybrid 
joints increased by 8.38%, 11.28%, 3.63% and 2.64% compared to that of the bolted joints 
at loading speeds of 2 mm/min, 1 m/s, 5 m/s and 10 m/s, respectively. The energy absorp-
tion of the hybrid joints increased by 6.46%, 9.56%, 30.97% and 23.45% compared to the 
bolted joints at loading speeds of 2 mm/min, 1 m/s, 5 m/s and 10 m/s, respectively. These 

Fig. 4   Mechanical properties of bolted and hybrid joints: a  peak load, b  failure displacement, c  energy 
absorption
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indicated that the hybrid joints had a better energy absorption capacity under both static 
and dynamic loading conditions.

3.2 � Failure Mechanism Analysis

The failure modes of GFRP in bolted joints under different loading speeds are shown 
in Fig.  5. Extrusion deformation was observed around the composite hole. Two distinct 
cracks expanded in the transverse and longitudinal directions, resulting in the separation of 
the laminates. It can be concluded that the failure mode of GFRP under static loading was 
a mixed failure mode of bearing failure and cleavage failure. For the dynamic loading con-
dition, the joint failure modes did not show a significant correlation with the loading speed. 
Taking the failure mode at 10 m/s loading speed as an example, the final failure mode of 
the joints was a shear-out failure for all GFRP laminates.

The failure modes of the GFRP and the adhesive layer in the hybrid joints are shown 
in Fig. 6. The failure mode of GFRP in hybrid joints was mainly a tension failure, which 
was quite different with that in bolted joints. This may be due to the fact that the hole 
stress state of the GFRP in the hybrid joint was changed by the viscous action of the 
adhesive. The yield strength of the hole was increased, ultimately leading to a different 
failure mode. The failure mode of the hybrid joint under 1 m/s and 5 m/s loading speed 
was similar to that under static loading, with the load-carrying part being pulled out. 
At a loading speed of 10 m/s, the GFRP failure mode changed to shear-out failure. The 
area of the fractured part (Region I) decreased with the increase of the loading speed. 
Compared to static loading, the failure area of GFRP was reduced by 11.09%,45.35% 
and 90.75% at 1  m/s, 5  m/s and 10  m/s loading speeds, respectively. As can be seen 
from the side view, the thickness ( hL and h

R
 ) and length of the tensile fractured part 

also decreased with the increase of the loading speed. The reason for this phenome-
non is related to the failure behavior of composite materials at high strain rates. Dur-
ing the manufacturing process of composites, many initial defects such as tiny cracks 
and porosity were inevitably generated within the material [28–30]. When subjected to 
loads, cracks would expand along the location of internal defects, eventually leading to 

Fig. 5   Failure modes of GFRP in bolted joints under different loading speeds
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material damage. When the loading speed was relatively low, cracks had sufficient time 
to propagate, resulting in a larger failure area. However, as the loading speed increased, 
the entire loading process became shorter, and cracks did not have enough time to prop-
agate, consequently leading to a gradual reduction in the failure area of GFRP.

From the experimental results, the residual adhesive can be found on both CFRP and 
aluminum alloy interfaces. The failure mode of the adhesive layer was cohesive damage 
at all loading speeds. The difference was that the failure surface became smoother and 
exhibited the characteristics of brittle fracture as the loading speed increased. Under 
static loading, the adhesive layer showed an obvious “whitening” phenomenon, which 
was due to the excessive deformation of the adhesive. From the residual adhesive, one 
can see that the adhesive was partly dark and partly white at 5 m/s and 10 m/s loading 
speed. The dark portion indicated that the adhesive layer had been subjected to high 
peel stresses and less shear stresses. It indicated that the adhesive layer was subjected 
to a small shear deformation under high-speed loading. This was related to the behavior 
of the adhesive layer under high strain rate. The adhesive material used here (Araldite 
2015) is an epoxy polymer. Under quasi-static tension, its entangled molecular chains 
had time to reorient themselves to align with the loading direction. As a result, the 
adhesive was capable of plastic deformation and failure in the form of ductile fracture. 
In contrast, at high loading speeds, the molecular chains did not have enough time to 
rearrange themselves, resulting in less plastic deformation and brittle fracture.

The failure mode of aluminum alloy is shown in Fig. 7(a). The aluminum alloy joint 
hole was elongated and the aluminum alloy deformed along the perpendicular to the 

Fig. 6   Failure modes of GFRP and adhesive layer in hybrid joints under different loading speeds
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shear direction. The side view showed that the aluminum alloy was bent. The deforma-
tion elongation x of the hole and the bending angle θ of the aluminum alloy changed 
under different loading speeds, as shown in Fig.  7(b) and (c). The elongation of the 
holes and the bending angle of the aluminum alloy under dynamic loading were much 
larger than those under static loading. In the range of loading speed less than 5  m/s, 
the aluminum alloy hole deformation and bending angle increased with the increase of 
loading speed but decreased at 10 m/s loading speed. This was related to the strain rate 
effect of aluminum alloys. According to the related research [28–30], the strength, hard-
ness, and plasticity of aluminum alloys vary with the strain rate. Generally, the plasticity 
of aluminum alloys increases with the strain rate and the hardening rate increases with 
the strain rate. At a loading speed of 10 m/s, the hardening rate of the aluminum alloy 
might be greater than the change in plasticity with strain rate, resulting in a decrease in 
the deformation of the aluminum alloy. These changes explained the decrease in joint 
energy absorption at 10 m/s loading speed.

The failure process of hybrid joints can be divided into the adhesive load-bearing 
stage, the aluminum alloy deformation stage, and the GFRP failure stage, as shown in 
Fig. 8(a). In the first stage, the joint was bent under the action of load and the adhesive 
layer. After the failure of the adhesive layer, the joint wobbled because of the energy 
released by the failure of the adhesive layer. Subsequently, it entered the bolt load-bear-
ing stage. It can be seen that the aluminum alloy had obvious displacement, while the 

Fig. 7   Failure modes of aluminum alloy under different loading speed: a failure mode, b deformation elon-
gation x of the hole, c bending angle θ 
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bolt did not move. It was inferred that during this period there was no obvious damage 
in the GFRP material. In the third stage, when the external load reached the yield limit 
of the GFRP material, the GFRP failed, leading to the displacement of the bolt. The 
failure process of the bolted joint had only the aluminum alloy deformation stage and 
the GFRP failure stage as there was no adhesive layer in action, as shown in Fig. 8(b).

The frontal view of the joint failure process under different loading speeds is shown 
in Fig. 9. The failure process of bolted joints under different loading speeds was simi-
lar, and the failure process of bolted joints was illustrated by the failure process under 
10  m/s loading speed, as shown in Fig.  9(a). As can be seen from the figure, GFRP 
eventually cleaved after bearing failure. The failure process of hybrid joints under dif-
ferent loading speeds is shown in Fig. 9(b). The tension failure of the GFRP occurred 
directly after the deformation stage of the aluminum alloy at 1 m/s loading speed. At 
5  m/s and 10  m/s loading speeds, bearing failure occurred first, followed by tension 
failure.

Fig. 8   Failure process (side view) of : a hybrid joint at 10 m/s loading speed, b bolt joint at 1 m/s loading 
speed
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The addition of the adhesive layer significantly changed the failure mode of the joints, 
and the failure of the GFRP changed from shear-out failure to tension failure. This is due 
to that the yield strength of the joint hole can be enhanced due to the viscous effect of 
the adhesive. The loading speed has no significant effect on the failure mechanism of sin-
gle bolted joints, but has a significant effect on the hybrid joints. As the loading speed 
increased, the final failure area of GFRP in hybrid joints gradually decreased. GFRP failed 
abruptly from a net-tension failure with almost no prior bearing damage at lower loading 
speeds (2 mm/min and 1 m/s). With the increase in loading speed, more amount of bear-
ing damage preceded a final tension failure. This was due to the fact that as the loading 
speed increased, the loading time became very short. Consequently, the concentrated stress 
around the GFRP hole did not have sufficient time to dissipate, causing the damage to 
GFRP to be increasingly concentrated around the holes.

To further analyze the reasons for the changes in the failure process of the hybrid joints, 
full-field strain analysis was conducted on the GFRP and Al plates during the tensile pro-
cess. The strain-time curves of four measuring points on the surface of each plate were 
plotted based on the DIC measurement data. The selected locations of the measuring 
points and the strain-time curves are shown in Fig. 10. It can be seen that due to the sym-
metry of the joint, the strain-time curves of points 3 and 4 are almost the same and remain 
constant during the entire loading process. The strain values of points 1 and 2, which were 

Fig. 9   Failure process of joints at different loading speeds(front view): a bolted joints, b hybrid joints
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the locations of the largest substrate deformation, varied greatly with time. The maximum 
strain value of point 1 of the GFRP before failure decreased as the loading speed increased. 
This was due to the reason that GFRP became more brittle with the increasing strain rate, 
which resulted in GFRP failing with smaller strains at higher loading speeds. The alu-
minum alloy was subjected to large deformation by the extrusion of the bolt at point 2. 
At 1 m/s and 5 m/s loading speeds, the maximum strain value of point 2 increased with 
increasing loading speed but decreased significantly at 10 m/s loading speed. The maxi-
mum strain changes of point 2 were the same as the changes in deformation of aluminum 
alloy holes at different loading speeds, which were all related to the strain rate effect of 
aluminum alloy.

In order to understand the failure mechanism of the adhesive layer under different load-
ing speeds, the peeling strain near the peak load of the adhesive layer was obtained. Fig-
ure 11(a) shows the strain state of the adhesive layer of the joint during the tensile process. 
It can be seen that in the early stage of the tensile process, the maximum peeling strain 
occurred at the end of the aluminum alloy. Cracks first appeared at the Al end. As the load-
ing process proceeded, the peeling strain at the GFRP end also increased gradually and 
cracks began to appear at the GFRP end. Eventually, the cracks on both sides converged 
inside the adhesive layer and the layer lost its load-carrying capacity. Due to the larger 
stiffness of GFRP, the failure of the adhesive layer always started from the end of the alu-
minum alloy. The strain curve of the selected measuring points on the overlapping length 

Fig. 10   a  The schematic diagram of measuring points for the specimen; variation of strain at measured 
points of hybrid joints under different loading speeds: b 1 m/s, c 5 m/s, d 10 m/s
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is shown in Fig. 11(b). The curves show that the loading rate has a significant effect on the 
peeling strain. It can be seen that the maximum peeling strain decreased with the increase 
of the loading speed, indicating that the plastic deformation of the adhesive layer decreased 
with the increase in loading speed. It also indicated that the adhesive layer showed an 
increasingly brittle nature when the loading speed was higher, which led to a change in the 
failure mode of the adhesive.

3.3 � Fracture Analysis

For further failure analysis of specimens after the dynamic tensile test, the microscopic mor-
phology of failure position at different loading speeds was analyzed. From the failure pro-
cess, it can be seen that the GFRP in bolted joints experienced bearing failure first and even-
tually failed in cleavage under dynamic loading. Thus, the fracture surfaces for SEM were 
bearing failure region and cleavage failure region, as shown in Fig. 12(a). The bearing failure 
region and cleavage failure region were observed as shown in Fig. 12(b). In the bearing failure 
region, there were fiber bundle pull-outs and holes, with a large number of broken fibers and 
matrix fragments. The morphology in the cleavage failure region was mainly dominated by 
fiber bundle pullout. In order to further analyze the influence of loading speed on the failure 
of fiber and matrix, the morphology of the 90° fiber matrix under different loading speeds was 
analyzed. The morphology of 90° fiber in the bearing failure zone is shown in Fig. 12(c). It 
can be seen that the length of the pulled-out fibers gradually decreased as the loading speed 
increased, as did the number of matrix cracks and holes. The morphology of the 90° fiber 
matrix in the cleavage failure region is shown in Fig. 12(d). At a loading speed of 1 m/s, the 
fiber bundle collapsed into monofilament fibers that lost their integrity, and the monofilament 
fibers were uneven in length. With the increase in loading speed, the fracture surface of the 

Fig. 11   Peeling strain analysis: a strain cloud map, b strain curve of the selected measuring points on the 
overlapping length
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fiber bundle became more and more flat, and the combination of fiber and matrix became 
more and more tight.

The difference in the microscopic morphology of the composite at different loading speeds 
can be attributed to the strain rate effect of the expansion of defects within the material. At 
lower loading speeds, due to the longer loading time, the defects inside the matrix were fully 
expanded and more cracks were formed. The binding force of the matrix on the fiber bun-
dle was weakened, so there were more fibers pulled out. Meanwhile, the binding force of the 
matrix on the fiber bundle was also weakened. The fiber bundle collapsed into monofilament 
fibers and lost the overall bearing capacity. The monofilament fibers were damaged in their 
weak cross-section under the action of load, so the fiber fracture length was uneven. At higher 
loading rates, the defects in the matrix failed to expand sufficiently to form continuous cracks 
due to the short loading time [31–33]. The matrix maintained a strong binding force on the 
fibers and fiber bundles. The matrix and the fibers (or fiber bundles) were loaded as a whole 
under load until they together reached their ultimate strength when damage occurred. There-
fore, the fracture surface was relatively flat, and the fiber and matrix still maintained a rela-
tively strong interface bond after fracture.

Fig. 12   a  Sectioning for SEM observation; micromorphology of b  the bearing failure zone and cleavage 
failure zone, c  the 90° fibers in the shear failure zone, d  the pull-out fiber bundles in the cleavage failure 
zone
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4 � Conclusions

In this paper, the mechanical properties and failure mechanisms of GFRP/Al bolted and 
hybrid joints under different loading speeds were investigated. The main conclusions 
were drawn as follows:

1.	 The peak load of bolted joints increased with the increase in loading speed. The peak 
load of hybrid joints under dynamic load was higher than that under static load, the 
incremental magnitude decreased by 8.64% when the loading speed was increased from 
1 m/s to 10 m/s. The energy absorption of the hybrid joint was higher than that of the 
single bolted joint due to the fact that the adhesive layer absorbed part of the energy and 
increased the failure load of the joint.

2.	 For bolted joints, the failure modes of GFRP showed no significant correlation with 
loading speed, which were all shear-out failures. The loading speed had a significant 
effect on the microscopic morphology of the GFRP damage region. As the loading 
speed increased, the number of pulled-out fibers, holes, and cracks on the bearing failure 
region gradually decreased. The fracture surface also became flatter. The pulled-out 
fiber bundles were also more integral.

3.	 For the hybrid joint, the addition of the adhesive layer changed the failure mode of 
GFRP material from shear-out failures to tension failures due to the fact that the viscous 
action of the adhesive layer increased the yield strength of the hole. As the loading speed 
increased, the final failure area of GFRP in hybrid joints gradually decreased due to the 
strain rate effects on the expansion of internal defects in materials. Compared to static 
loading, the failure area of GFRP was reduced by 79.66% when the loading speed was 
increased from 1 m/s to 10 m/s. GFRP failed abruptly from a net-tension failure with 
almost no prior bearing damage at lower loading speeds (2 mm/min and 1 m/s). With 
the increase of loading speed, more amount of bearing damage preceded a final tension 
failure. The full-field strain analysis showed that the GFRP failed at smaller strains and 
became more brittle at higher loading speeds, which resulted in the GFRP failing first 
at the hole edge at higher loading speeds.

4.	 Deformation of the hole in aluminum alloy increased and then decreased with the 
increase in loading speed in both bolted and hybrid joints due to the strain rate effect on 
the aluminum alloy.
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