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Abstract

As a variation of friction stir blind riveting, flow drill riveting (FDR) is a new one-sided mechanical joining method for similar
and/or dissimilar materials without predrilling holes on workpieces. In the FDR process, a blind rivet with a conical mandrel tip
rotates at a high spindle speed and penetrates the workpieces due to local softening as a result of high friction between the mandrel
tip and workpieces. The FDR process was applied to fabricating dissimilar lap-shear joints of 2.0-mm-thick carbon fiber-
reinforced polymer (CFRP) and aluminum alloys (AA6061) with thicknesses of 1.0, 1.5, and 2.0 mm in this work. The effects
of'the thickness of AA6061 and stack-up sequence of CFRP and AA6061 on the maximum tensile load and failure mode of FDR
joints were analyzed and discussed. With the increase of AA6061 thickness, the maximum tensile load increased and the failure
mode changed from failure at the AA6061 to failure at the CFRP disregarding their stack-up sequence. It is found that the
maximum tensile load and the failure mode are strongly dependent on the relatively weaker one of AA6061 and CFRP

workpieces, and the maximum tensile load of the FDR joint is closely related to its failure mode.

Keywords Dissimilar material joining - Composite - Al alloy - Friction stir

1 Introduction

Carbon fiber-reinforced polymer (CFRP) and aluminum alloy
owing to the low densities and high mechanical performance
are two important lightweight materials and have been in-
creasingly applied in automobile field [1-3]. However, con-
ventional joining methods (e.g., resistance spot welding
(RSW)) are not capable of joining metals and CFRP due to
incompatible thermophysical properties [4, 5]. In order to
solve the joining issue of dissimilar materials, riveting tech-
nologies (e.g., self-pierce riveting (SPR) [6], clinching [7],
spin blind riveting (SBR) [8], friction stir blind riveting
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(FSBR) [9]), and flow drill screw (FDS) [10] have been
developed.

SPR and clinching have been widely used as joining tech-
nologies in the automobile manufacturing field due to relative-
ly high fatigue strength compared with RSW [11-13]. The
fatigue strength of SPR joints from the AA5182 was about
twice higher than that of RSW joints when the fatigue lives
ranged from 10° to 10° cycles [14]. Krause et al. [15] found
that both SPR and clinching joints had superior fatigue
strength at 10° cycles than RSW joints from the AA5754.
However, both clinching and SPR belong to two-sided joining
technology, i.e., dies need to be placed on both sides of the
joints to complete the joining processes, which restricts their
applications in closed or semi-closed structures [16]. In such a
situation, the single-sided joining technology of FDS has been
developed in vehicle manufacturing industries, which is
achieved by the high-speed rotating screw penetrating through
both workpieces and thread engagement forming [17, 18].
Afterwards, Nagel et al. [19] proposed an optimized screw
for joining CFRP and AW6181 to achieve a better thread
profile and push-out strength. Besides, SBR was developed
to join glass fiber-reinforced polyamide and metal such as
magnesium or aluminum alloys, which was implemented by
a blind rivet with a spindle speed of 2000 rpm or even more
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pressing into the workpieces and locking them by expanded
shank tail, as shown in Fig. 1 [8]. Podlesak et al. [8] found that
the tensile load of SBR joints increased maximum by 68%,
compared with that of conventional riveting joints. FSBR
invented by Wang et al. [20] was also a single-sided joining
technology, which used a blind rivet rotating at a high spindle
speed to penetrate through the workpieces and lock them by
expanded shank tail, as shown in Fig. 1. The FSBR was used
by Min et al. [21] to join CFRP and AA6111, and it is found
that the material stack-up sequence had an effect on the max-
imum tensile load and failure mode. In addition, the effect of
material matching on the maximum tensile load was also stud-
ied, and the results showed that the maximum tensile load of
the joints depended on relatively weaker materials [22].
Besides, a modified blind rivet with sharp mandrel tip was
also applied in FSBR to reduce the penetration force [16].

A new single-sided mechanical joining method of flow
drill riveting (FDR) has been proposed to join similar and/or
dissimilar materials in the present study, which not only com-
bines the advantages of SBR and FSBR but also has a unique
locking mechanism resulting from the newly designed blind
rivet. In the FDR process, as illustrated in Fig. 1, a blind rivet
with a conical mandrel tip rotates at a high spindle speed and

penetrates through the workpieces. The frictional heat is gen-
erated between the mandrel tip of the blind rivet and work-
pieces, where local material is heated and then softened
resulting in reducing the penetration force. When the shank
head of blind rivet touches the upper workpiece (i.e., the pen-
etration stroke of the blind rivet reaches 18.5 mm), the rivet
stops penetrating and rotating. Then, the mandrel body is
pulled and broken at its pre-set notch compressing the shank
tail to its buckling limit, which results in the formation of a
folded shank between the mandrel tip and lower workpiece as
shown in Fig. 1. Finally, the workpieces are locked tightly by
the shank fold and shank head of the blind rivet, which is a
special locking mechanism other than those of SBR and
FSBR.

In this study, FDR joints were successfully fabricated from
2.0-mm-thick CFRP and AA6061 with thicknesses 0f 1.0, 1.5,
and 2.0 mm, including six groups in terms of two stack-up
sequences and three thicknesses of AA6061 workpieces. The
quasi-static single lap-shear tensile testing was carried out to
test mechanical properties of FDR joints. The effects of stack-
up sequence and AA6061 thickness on the maximum tensile
load and failure mode of FDR joints were analyzed and
discussed.
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Fig. 1 Process, type of rivet, cross-sections of rivets, shank deformation,
and locking mechanisms of the SBR, FSBR, and FDR. a The blind rivet
approaches and penetrates the workpieces with a feed rate of f and a
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spindle speed of w. b The rivet stops penetrating and rotating as the shank
head touches the upper workpiece. ¢ The mandrel body is pulled with a
force of F. d The mandrel body is broken at its pre-set notch [8, 21]
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Table 1 Specific parameters of SYT45-T700 carbon fibers
Tow Elongation (%)  Density (g/cm3 ) Per fiber diameter (um)
12K 19 1.79 7

2 Experimental details
2.1 Materials

The 2.0-mm-thick CFRP sheets and hot rolled AA6061 sheets
with thicknesses of 1.0, 1.5, and 2.0 mm were chosen as ex-
perimental materials in this work. The CFRP sheets were
consisted of SYT45-T700 carbon fibers and thermoset epoxy
resin. The specific parameters of SYT45-T700 carbon fibers
are listed in Table 1. The CFRP sheets were anisotropic and
included 11 prepreg plies laid up in 07/90" bidirectional con-
figuration. The mechanical properties of CFRP and AA6061
sheets were obtained from uniaxial tensile tests and listed in
Table 2, where the length direction of tested CFRP uniaxial
tensile specimens was consistent with the ply direction of its
top layer prepreg. CFRP and AA6061 sheets were cut into
workpieces having a size of 127 x 38 mm? to fabricate FDR
joints, and the length direction of workpieces was aligned with
the rolling direction of AA6061 and the ply direction of the
top layer prepreg of CFRP. The blind rivet used in FDR pro-
cess was a newly designed blind rivet with a conical mandrel
tip (i.e., about 77°) to improve the local softening and reduce
the penetration force, as illustrated in Fig. 1. The dimensions
of the specially designed blind rivet are presented in Fig. 2,
where the shank and mandrel of the rivet were made from
mild steel and #45 steel, respectively.

2.2 Fabrication of FDR joints

There are six groups of lap-shear joints by the FDR process
considering two stack-up sequences and three thicknesses of
AA6061 workpieces, and the FDR joints are designated as
AA6061(x)/CFRP or CFRP/AA6061(x) when the AA6061
with a thickness of x mm is placed as the upper and lower
workpiece, respectively, as listed in Table 3. The experimental
fixture used for clamping workpieces during the fabrication of
the FDR joints is shown in Fig. 3, which was fixed on a
platform of the NC milling machine (MAG NBF540). The
spacers were used to keep the surfaces of to-be-joined work-
pieces perpendicular to the spindle of the NC milling machine.
The overlap region of the workpieces was square with
dimensions of 38 x 38 mm?®. The mandrel body of blind
rivet was gripped by the spindle of the NC milling
machine. A feed rate of 60 mm min ' and a spindle
speed of 6000 rpm were applied in the FDR process.
The penetrating and rotating of the blind rivet stopped
as the shank head touched the upper workpiece, and
then the mandrel body was pulled to break at its notch
with a riveting gun in order to finish the FDR process.
The shank tail buckled and ballooned to form a fold
below the lower workpiece to lock the penetrated work-
pieces firmly as shown in Fig. 1d. Figure 4 presents the
configurations and detailed dimensions of a single lap-shear
FDR joint following [21, 23].

2.3 Quasi-static single lap-shear tensile testing

Quasi-static lap-shear tensile testing of the FDR joints was
performed on a MTS universal testing machine. The testing

Table 2 Mechanical properties of

the CFRP and AA6061 sheets at Materials Young’s modulus Tensile strength Yield strength Fracture elongation
room temperature (GPa) (MPa) (MPa) (%)
CFRP 74 926 - 14
AA6061 68 290 255 28
Fig. 2 a A photo of the specially " Unit in mm
designed blind rivet used in FDR :’I s
Q

process. b The dimensions of the
blind rivet

Mandrel
body head

Shank Mandrel

tail tip
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Table 3 Combinations of

workpiece materials in FDR Material stack-ups

Upper workpiece (thickness)

Lower workpiece (thickness)

joints
AAG6061/CFRP
CFRP/AA6061

AA6061 (1.0/1.5/2.0)
CFRP (2.0)

CFRP (2.0)
AA6061 (1.0/1.5/2.0)

process was recorded with a digital camera from the side view
of FDR joints to observe their fracture processes. Two
filler plates with dimensions of 38 mm x 38 mm were
attached to both ends of each joint to accommodate its
offset. Then, the FDR joints were loaded to failure at a
crosshead speed of 10 mm/min. Three replicates were
tested for each material combination and the average
maximum tensile load was used to evaluate the mechan-
ical property of the FDR joints. After lap-shear testing,
the failure modes of joints were reported and evaluated
for the further analyses.

Fig. 3 a Anillustration and b A
photo of the experimental fixture
used in the FDR process

Workpiece 1 l

3 Results and discussion

Figure 5a, b presents semi-finished joints with differ-
ent stack-up sequences, e.g., AA6061(1.0)/CFRP and
CFRP/AA6061(1.0) joints, prior to pulling the rivet mandrels.
It is observed that the rivet shank was wrapped by the broken
fibers on the AA6061(1.0)/CFRP joint and by the Al material
flash on the CFRP/AA6061(1.0) joint. The broken fibers and
the Al material flash were formed due to rivet penetration. The
FDR joints were successfully finished by pulling rivet man-
drels and are shown in Fig. 5c, d. Detailed observations on the
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Fig. 4 Configurations and 127 Unit in mm
detailed dimensions of a single
lap-shear FDR joint =)
o0
N
Blind rivet f—0-
38
. @?13.5
Upper workpiece Shank head ﬁ__
: I K N : ]
Shank fold 910 Lower workpiece

folds of rivet shank on the finished FDR joints are presented in
Fig. Se, f, where the broken fibers or the Al material flash were
expanded due to the formation of shank folds. This observa-
tion is common disregard of the thicknesses of AA6061.

3.1 Mechanical testing results of FDR joints

The load-displacement curves of each CFRP/AA6061 joint
and AA6061/CFRP joint of the repeated three are shown in

Fig. 5 Photographs of semi-
finished a AA6061(1.0)/CFRP
joint and b CFRP/AA6061(1.0)
joint, finished ¢ AA6061(1.0)/ =
CFRP joint and d ;-
CFRP/AA6061(1.0) joint, and e
magnified structure of ¢ and f
magnified structure of d

Blind rivet &

CFRP
Bushing
(a)
Blind rivet e

CFRP

Bushing

Fig. 6a, b, respectively. The CFRP/AA6061 joints generally
exhibited larger maximum displacements and the displace-
ments (as denoted by arrows in Fig. 6a, b) corresponding to
the maximum loads than AA6061/CFRP joints, except the
joints with AA6061(1.0), and the maximum tensile loads
and displacements of CFRP/AA6061(1.0) and AA6061(1.0)/
CFRP joints are similar as observed from Fig. 6a, b. It can be
also found that the displacement of AA6061(1.0)/CFRP joint
was larger than that of AA6061(1.5)/CFRP and AA6061(2.0)/

L

115

%
Blind rivet —
AA6061 ~ &= CFRP
AA6061 e
7
— Bushing : —
Smm Smm
(b)
AA6061 Blind rivet

Shank
fold

Bushing

@ Springer



1018 Weld World (2019) 63:1013-1024
8
= === AAB061(1.0) - o -CFRP/AAGB061 —e— AAB061/CFRP
— . AAB061(1.5)
- AAB061(2.0) -
£ Z
T4 .7 P
S T
2 © /
E S5 / {
0 - 9
(a) 0 Displac;&ent (mm) 1 20 2 5
8 [y
AA6061/CFRP == == AAB061(1.0) =
r'd’s — . AAB061(1.5) E4l
B ——— AAB061(2.0) 3
: E
5 X
5 s
2
0 ) s " - o 1.0 1.5 2.0
(b) Displacement (mm) (c) The thickness of AA6061 (mm)

Fig. 6 Load-displacement curves of a CFRP/AA6061 and b AA6061/CFRP joints and ¢ The maximum tensile loads of FDR joints

CFRP joints at their maximum tensile loads in Fig. 6b.
However, the tendency was not obvious for CFRP/AA6061
joints. The maximum tensile loads of the FDR joints are sum-
marized in Fig. 6¢. As the thickness of AA6061 increased
from 1.0 to 1.5 mm, improvements of 42.5% and 67.5% were
observed for AA6061(1.5)/CFRP and CFRP/AA6061(1.5)
joints when compared with the joints with AA6061(1.0), re-
spectively. The continuous increase of AA6061 thickness ex-
hibits no further improvement on the maximum tensile load of
the FDR joints.

The failure modes of AA6061/CFRP joints fabricated
by FDR are shown in Fig. 7. The failure position of
AA6061(1.0)/CFRP joint was located in AA6061(1.0). The
failure mode was that AA6061 was torn out by the blind rivet.

When the thickness of upper AA6061 increased to 1.5 mm,
the failure position of AA6061(1.5)/CFRP joint was trans-
ferred from upper AA6061 to lower CFRP. The shank fold
slipped out from the rivet hole on the lower CFRP, which
resulted in hole expansion and delamination of some carbon
fibers on the CFRP. Furthermore, the bending of the
upper AA6061(2.0) was obviously observed. The
AA6061(2.0)/CFRP joint showed the same failure mode
with the AA6061(1.5)/CFRP joint, which is consistent
with the similar maximum tensile loads of both joints,
as shown in Fig. 6.

Figure 8 presents the failure modes of CFRP/AA6061
joints fabricated by FDR. The CFRP/AA6061(1.0) joint failed
as the lower AA6061 was torn out, which was similar to failure

Fig. 7 Fractured FDR joints after
lap-shear tensile testing. a
AA6061(1.0)/CFRP. b
AA6061(1.5)/CFRP. ¢
AA6061(2.0)/CFRP

AA6061

Side
view

Front
view

(@)
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Fig. 8 Fractured FDR joints after
lap-shear tensile testing. a
CFRP/AA6061(1.0), b
CFRP/AA6061(1.5). ¢
CFRP/AA6061(2.0)

AA6061
torn out

CFRP
torn out

CFRP
‘§ torn out

mode of AA6061(1.0)/CFRP joint. CFRP/AA6061(1.5) and
CFRP/AA6061(2.0) joints had the same failure mode, which
was that lower CFRP was torn out by the blind rivet along
tensile direction. The same failure mode offered a reasonable
explanation for the approximately same maximum tensile loads
of CFRP/AA6061(1.5) and CFRP/AA6061(2.0) joints, as
shown in Fig. 6. The failure modes of all FDR joints are sum-
marized in Table 4. It is worth noting that failure mode was
influenced by not only the thicknesses of AA6061 but also the
stack-up sequence of AA6061 and CFRP.

Figure 6 and Table 4 indicate that the FDR joints with 1.5-
and 2.0-mm-thick AA6061 have similar maximum tensile
loads and failure modes for the given stack-up sequence.
Therefore, the FDR joints with AA6061(2.0) were discussed
exemplarily in the following subsections. In order to under-
stand the effects of stack-up sequence and AA6061 thick-
nesses on the maximum tensile loads and failure modes of
FDR joints from AA6061 and CFRP, the fracture processes
of FDR joints with 1.0- and 2.0-mm-thick AA6061 were fur-
ther investigated.

The lap-shear testing results are further discussed in terms
of material stack-up sequences and the thicknesses of
AA6061.

3.2 AA6061/CFRP joints

The fracture processes of AA6061(1.0)/CFRP and
AA6061(2.0)/CFRP joints in lap-shear tensile testing were
discussed in detail to understand the phenomenon that the
thickness of AA6061 exhibited an effect on failure modes
and the maximum tensile loads of the joints. Figure 9b—e
exhibit the a sequence of four images from the side view of
AA6061(1.0)/CFRP joint, which were recorded by a digital
camera, at four different moments shown in Fig. 9a during
lap-shear tensile testing. The blind rivet axis was horizontal
and perpendicular to the direction of tensile load before the
lap-shear tensile testing, as shown in Fig. 9b. The blind rivet
was inclined to ~ 15° by the torque resulting from the non-
collineation of tensile load on AA6061(1.0) and CFRP at the
initial stage of the testing in Fig. 9c. However, the continu-
ously increasing load exhibited little benefit to the inclination
angle of the blind rivet, as shown in Fig. 9d, e. The AA6061
material close to rivet hole was compressed by the inclined
blind rivet during lap-shear tensile testing. When the tensile
load exceeded the shear capability of AA6061(1.0), the
AA6061(1.0) was torn out by the blind rivet. Nevertheless, the
CFRP of this AA6061(1.0)/CFRP joint was nearly un-

Table 4 A summary of the failure

mode descriptions of FDR joints The thickness of AA6061

Failure descriptions

workpiece (mm)

AA6061/CFRP joints CFRP/AA6061 joints
AA6061 CFRP AA6061 CFRP
1.0 Torn out® Unbended Torn out® Unbended
1.5 Bended Slipped out by shank fold* Bended Torn out®
2.0 Bended Slipped out by shank fold” Bended Torn out®

# Failure workpiece of each FDR joint in lap-shear tensile testing

@ Springer
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Fig. 9 Fracture process of
AA6061(1.0)/CFRP joint. a A
typical load-displacement curve.
b—e Deformation modes at differ-
ent moments, and the corre-
sponding displacements of the
joint are marked in a

Load(kN)

~ O

1 (e)._
20

5 mm

(®)

damaged and unbended due to its much higher shear
strength compared to AA6061(1.0). As a result, the upper
AA6061(1.0) was torn out and the blind rivet remained on the
lower CFRP, as shown in Fig. 7a.

Figure 10b—e shows the fracture process of AA6061(2.0)/
CFRP joint during lap-shear tensile testing. When the tensile
load was applied to AA6061(2.0)/CFRP joint, the blind rivet
started to incline and resulted in the stress concentration at
contact point between the upper AA6061(2.0) and the shank
head of blind rivet, which caused the bending of
AA6061(2.0). The inclination angle of blind rivet and the
bending degree of AA6061(2.0) increased gradually with the
increase of tensile load, which aggravated the situation that the
shank fold of blind rivet fell into the rivet hole on the lower
CFRP, as shown in Fig. 10d. At the same time, the rivet hole
on the lower CFRP was expanded by the shank fold resulting
from the blind rivet inclination. When the blind rivet inclined
to a certain angle (~40°), the shank fold was slipped out from
the expanded rivet hole, as shown in Fig. 10e. It was also
found that some carbon fibers were delaminated from the
CFRP in Fig. 10e.

By comparing Figs. 9 with 10, it can be found that there
were apparent differences not only in the inclination angle of
the blind rivet but also the joint failure position. The blind
rivet of AA6061(1.0)/CFRP joint inclined to ~ 15° and then
maintained at that level even as the lower AA6061(1.0) was
torn out in Fig. 9. Nevertheless, the inclination angle of the
blind rivet in the AA6061(2.0)/CFRP joint increased

@ Springer
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gradually to ~40° in the course of lap-shear tensile testing as
shown in Fig. 10e, which is larger than that of AA6061(1.0)/
CFRP joint (i.e. ~ 15°). Furthermore, a larger inclination angle
of blind rivet indicates a more severely expanded rivet hole on
CFRP. Therefore, the blind rivet inclining at a larger angle was
easier to slip out from the expanded rivet hole on the CFRP.
Moreover, the failure mode of AA6061(1.0)/CFRP joint (i.e.,
the upper AA6061(1.0) was torn out) shows that the maxi-
mum tensile load of the joint depends on the mechanical prop-
erty of AA6061(1.0), which is a weaker one relative to the
CFRP. As the thickness of AA6061 increased to 2.0 mm, the
weaker workpiece transferred to CFRP, which is indicated by
the failure mode of AA6061(2.0)/CFRP joint. The change of
failure mode provides an explanation for that the thicker
AAG6061 (>1.5) resulted in a larger maximum tensile load,
and also indicates that the force associated with tearing out
the AA6061(1.0) was lower than that required by the shank
fold slipping out from the rivet hole on the CFRP.

3.3 CFRP/AA6061 joints

In order to find out the explanation for the effect of the
thicknesses of AA6061 workpiece on the failure modes
and maximum tensile loads of CFRP/AA6061(1.0) and
CFRP/AA6061(2.0) joints, the fracture processes were also
investigated in detail in this section. Figure 11b—e presents
the fracture process of CFRP/AA6061(1.0) joint. Similarly, a
slight inclination of the blind rivet was observed when a
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Fig. 10 Fracture process of
AA6061(2.0)/CFRP joint. a A
typical load-displacement curve.
b—e Deformation modes at differ-
ent moments, and the corre-
sponding displacements of the
joint are marked in a

tensile load was applied to the lap-shear joint; however,
the inclination angle nearly did not change (i.e., ~17°)
with the development of lap-shear tensile testing. Then,

Fig. 11 Fracture process of
CFRP/AA6061(1.0) joint. a A
typical load-displacement curve.
b—e Deformation modes at differ-
ent moments, and the corre-
sponding displacements of the
joint are marked in a
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the AA6061(1.0) was gradually torn out by the inclined
blind rivet in CFRP/AA6061(1.0) joint. Nonetheless, it
is worth noting that the CFRP of the joint was not
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damaged and bended obviously during the lap-shear tensile
testing.

Figure 12b—e shows the fracture process of
CFRP/AA6061(2.0) joint. The blind rivet of
CFRP/AA6061(2.0) joint started to incline with the lap-
shear tensile load being applied. The inclination of blind rivet
resulted in local contact between the shank fold and the lower
AA6061(2.0), which consequently caused a stress concentra-
tion on the AA6061(2.0). Subsequently, the AA6061(2.0) was
bended, as shown in Fig. 12¢c. However, the inclination angle
of blind (i.e., ~25°) rivet and the bending degree of AA6061
showed no more increase with the increasing of tensile load in
the later part of lap-shear testing. Finally, the CFRP was torn
out as presented in Fig. 12e.

It can be found that the failure position of CFRP/AA6061
joints was transferred from AA6061(1.0) to CFRP, when the
thickness of AA6061 workpiece increased from 1.0 to
2.0 mm. As for CFRP/AA6061(1.0) joint, the AA6061(1.0)
was torn out by the blind rivet in lap-shear tensile testing.
Nevertheless, no obvious damage was observed on the
CFRP even when the maximum tensile load of the joint was
reached. Therefore, it can be concluded that in the lap-shear
tensile testing of CFRP/AA6061 joints, AA6061(1.0) was the
weaker one compared to the CFRP. Increasing the thickness of
AA6061 from 1.0 to 2.0 mm strengthened the Al alloy side,

Fig. 12 Fracture process of
CFRP/AA6061(2.0) joint. a A
typical load-displacement curve.
b—e Deformation modes at differ-
ent moments, and the corre-
sponding displacements of the
joint are marked in a

and the CFRP became a relatively weaker one compared with
AA6061(2.0), which was indicated by the failure mode on the
CFRP/AA6061(2.0) joint, where the CFRP was torn out in
lap-shear tensile testing. The above suggests that both the
failure mode and the maximum tensile load of the FDR joints
depend on the tearing resistance of the relatively weaker work-
piece. From the maximum tensile loads in Fig. 6c, it can be
inferred that the tearing resistance of the CFRP was ~ 3.0 kN
higher than that of the AA6061(1.0).

The effect of AA6061 thickness on the maximum tensile
load and failure mode of CFRP/AA6061 joints was well un-
derstood by the fracture processes of joints in the course of
lap-shear tensile testing. Besides, the impact of stack-up se-
quence on failure mode and the maximum tensile load of FDR
joints was also discussed in this section. For the FDR joints
fabricated with AA6061(1.0) and CFRP, no matter the
AA6061(1.0) was placed as the upper or lower workpiece,
AA6061(1.0) was the relatively weaker workpiece and torn
out in lap-shear tensile testing. Hence, the stack-up sequence
has no obvious effect on the failure mode and the maximum
tensile load of the FDR joints from AA6061(1.0) and CFRP,
which further supports the conclusion that the maximum ten-
sile load and failure mode of a FDR joint are strongly related.
Nevertheless, the stack-up sequence exhibited a significant
effect on the maximum tensile load and failure mode of

0 10_. 20 30 40
Dlsplac(er;lent(mm)
a

5 mm
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FDR joints from AA6061(2.0) and CFRP. It was found that
the failure mode and the maximum tensile load of
AA6061(2.0)/CFRP joint differed from those of the
CFRP/AA6061(2.0) joint, although the upper or lower
CFRP was the failed workpiece and the relatively weak-
er one compared to AA6061(2.0) in lap-shear tensile
testing, which is considered resulting from the following
aspects. During lap-shear tensile testing, the shank fold
slipped out from the lower CFRP of the AA6061(2.0)/CFRP
joint, while the shank head tore the upper CFRP of the
CFRP/AA6061(2.0) joint. Note that the diameter of the shank
fold (~10.0 mm) is smaller than the shank head diameter
(13.5 mm). It is considered that the lager shank head had a
stronger locking effect to the CFRP compared to the
smaller shank fold, which can be supported by the fact
that the maximum inclination angle of blind rivet (i.e.,
~40°) on the AA6061(2.0)/CFRP joint was larger than
that (i.e., ~25°) on the CFRP/AA6061(2.0) joint
reached in lap-shear tensile testing. Therefore, the rivet
hole on the lower CFRP was more expanded and there
was a larger force component along the rivet axis on
the AA6061(2.0)/CFRP joint for a given tensile load,
which further increased the chance of the smaller shank
fold to slip out from the lower CFRP. Nevertheless, the
shank head was too large to slip out from the rivet hole
on the upper CFRP of the CFRP/AA6061(2.0) joint and
only tore the upper CFRP to fracture, which resulted in
a larger maximum tensile load as observed in Fig. 6c.

4 Conclusions

The novel FDR process was successfully applied to joining
dissimilar materials (i.c., CFRP and AA6061). The fracture
processes of FDR joints were analyzed to understand the ef-
fects of AA6061 thickness and stack-up sequence on the me-
chanical performance of joints in this study. Some conclusions
can be drawn as follows:

1. The failure mode and the maximum tensile load of
FDR joints are functions of the workpiece thickness
and the stack-up sequence, and the maximum tensile
load of a FDR joint is strongly correlated with its
failure mode.

2. The failure mode and maximum tensile load of FDR
joints depend on the relatively weaker one between
the upper and lower workpieces, which is the 1.0-
mm-thick AA6061 or the CFRP (when AA6061 is
thicker than 1.0 mm) disregarding the stack-up
sequence.

3. The stack-up sequence does not have an obvious effect on
the failure mode and the maximum tensile load of FDR
joints from 2.0-mm-thick CFRP and 1.0-mm-thick

AA6061; however, the situation changes when the thick-
ness of AA6061 is larger than 1.0 mm, due to the different
locking effects of the shank fold (10 mm in diameter) and
shank head (13.5 mm in diameter) on the lower and upper
CFRP, respectively.
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