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Abstract

The present paper investigates the effectiveness of two-steps clinching for joining aluminum and Carbon
Fiber Reinforced Polymer (CFRP). To this end, different reshaping tools were involved after joining by
clinching with split dies. The reshaping force was also varied. Single lap shear tests of simple clinched and
reshaped specimens were performed to determine the influence of the process conditions on the mechanical
behavior of the joints. The morphology and geometry of joints were analyzed to understand how the
reshaping step influences the main quality criteria of the joints and the damage produced on the CFRP sheet.
According to the experimental results, simple clinched connection failed by pullout; thus, the critical
parameter was the undercut. The reshaping method, using optimized tools enabled to increase the strength of
the joints by 32%. Such an improvement was due to an increase in the undercut that resulted from a higher
and improved material flow. The main defects that may appear in these joints have been identified as well as
their causes.
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1. Introduction

Hybrid metal-composite structures are more and more employed in several fields including transportation
industries, civil infrastructure and construction as they enable great reduction in product weight, fuel savings,
inertia reduction (and thus higher performances). Automotive industries are investing high efforts to
reproduce on larger scale the benefits of using hybrid metal-composite chassis. In recent years, such chassis
are being employed on a number of vehicles of mass production, including Alfa Romeo 4C, BMW 7-series
and Chevrolet Corvette Z06. Hybrid metal-composite structures are also widely employed in civil
applications with different scopes: reinforcing bridge constructions [1], increasing flexural rigidity of
aluminum beams [2], repairing and strengthening structural components [3] and even protecting from fire and
thermally insulating lightweight structural materials [4].

Because of the great difference, joining such materials still represents a challenging issue and it is'generally
made by means of adhesive bonding and mechanical joining processes. Compared to adhesive bonds,
mechanical joints generally ensure higher static and dynamic load capacity. In addition, these joints are
performed in shorter time because they do not require extensive surface preparation (including etching,
grinding, and degreasing), is environmentally friendly (due to low energy requirements, low-noise and fumes
emission) and do not require curing time. However, mechanical joining processes usually require preliminary
drilling of the sheets that may damage the composite material, cause fiber interruption, and produce stress
concentration. Although they require shorter time as compared to adhesive bonding, mechanical joining
processes involve manual steps such as predrilling and subsequent insertion of extra joining elements and
require additional material (rivets, bolts, etc.) that increase the production time, costs, and structure weight.

Despite of mechanical joints, adhesive bonding enables ensuring the integrity of the composite part (no
fibers interruption is produced) and the load is distributed more uniformly since the absence of holes [5]. In
this case, the stress is almost uniform in width direction while it follows a “U” shape distribution along the
bonding length [6]. In these joints, the debonding generally initiates at or near one of the bond extremities [7].

Coupling mechanical joining and adhesive bonding leading to hybrid joints represents an interesting
improvement, since it brings together the advantages of both these joining technologies. Hybrid joining has
proven to improve both the static [8] and fatigue strength [9], due to lower stress concentration developing
during service life. Because of the large variety of mechanical joining processes, different mechanical
connections can be coupled with-adhesive bonding, including: bolted [8], riveted [10], laser riveting, and self-
pierce rivets [11].

Since the increasing employment of hybrid structures for mass productions, faster joining processes are
required. A number of ‘new processes have been developed to join fiber-reinforced thermoplastics: friction
spot joining [12], friction lap welding, [13], ultrasonic welding [14], and laser-assisted direct joining [15].
These processes produce mechanical and chemical adhesion between the thermoplastic matrix of the
composite and the metal surface. In addition, advanced thermoforming processes, which produce a
mechanical interlock between the components by plastically deforming the composite are also suitable for
this purpose. Thermoforming processes include: friction-based stacking [16], infrared stacking [17], friction
riveting [18], and flow drilling [19]. Nevertheless, these processes are not suitable for joining composites
with thermosetting matrices, since they would produce thermal degradation of the polymer and mechanical
damage of both the fiber and the matrix, tearing of the fibers, and delamination of the composite.

On the other hand, fast mechanical joining processes such as clinching [20-26] and self-pierce riveting [27-
29] enable to overcome some of the abovementioned concerns. Indeed, despite of common mechanical
joining methods, which involve rivets and bolts, both these processes do not require preliminary drilling of a
hole in the sheets being joined [30, 31]. In addition, clinching enables additional advantages, as it does not
require external joining elements, which involve higher costs as well as increase the structure weight.

Mechanical clinching consists in the formation of an undercut that fastens two or more sheets. The
undercut is produced by a plastic deformation by using a punch and a die. Clinching has been originally
developed to join metal sheets including high strength steels and aluminum alloys. Then, it has been extended
to join advanced metals (magnesium and titanium alloys), as well as thermoplastic polymers [32], wood
materials [33] and also composites sheets with Fiber Reinforced Polymer (FRP) with thermoplastic matrix
and short fibers [34] and thermosetting matrix [35] with long fibers.

The proper design of the clinching tools is aimed at increasing the main joint quality parameters (the
undercut and the neck thickness), without damaging the sheets [36]. Mechanical clinching of composites
introduces further concerns since delamination of the composite should be also limited or possibly avoided.



Thus, specific configurations such as hole clinching has been proposed [37], which consists in preliminary
drilling of the composite. However, hole clinching introduces further concerns such as longer processing
times (owing to the predrilling operation), and eccentricity between the punch and the hole [38]. Furthermore,
during hole clinching, the punch-sided sheet is subjected to higher tearing stress that may compromise the
integrity of the sheets for materials with poor formability [39]. As above-mentioned, the mechanical behavior
of clinched joints depends on geometrical characteristics (the undercut and the neck thickness) that depends
on the material flow. Thus, to improve the strength of those joints, different approaches are potentially
suitable including the optimization of the tools sets, as well as the development of a two-steps clinching that
involves a reshaping step after clinching. The latter method has been initially proposed to reduce the
protrusion height (and thus to improve the aesthetical characteristics of such joints) [40]. However, further
researches have demonstrated that two-steps clinching can also improve the mechanical strength of clinched
joints made on aluminum sheets [41]. This results from the increase in neck thickness and undercut [24]. So
far, any investigation has been performed to determine the influence of a reshaping step while joining by
clinching metal with composite sheets, in terms of material flow, damage of the composite, characteristic
dimensions and strength.

The present investigation analyzes two-steps clinching based on reshaping deformation that follows
mechanical clinching, as a method to improve the mechanical behavior of clinched connections performed on
hybrid metal-composites joints. In particular, aluminum alloy series AA6xxx and Carbon Fiber Reinforced
Polymer (CFRP) sheets with long fibers and thermosetting matrix were joined by clinching. Different types
of reshaping tools and values of joining forces were tested in order to determine the optimal process window.
Mechanical tests based on single lap shear tests were performed to characterize the mechanical behavior of
the joints and to verify the effectiveness of the reshaping method. In addition, morphological analysis was
conducted to understand how the reshaping step influences the mechanical behavior, the main joints
dimensions and the damage on CFRP sheet.

2. Materials and Methods

2.1 Materials

Rolled sheets of 3.0 mm thick aluminum alloy AA6024 were used in this study. This is a precipitation
hardenable aluminum alloy with Si and Mg as the main alloying elements. The chemical composition of the
aluminum was determined by means of a X-ray fluorescence spectrometer. The main chemical elements of
the alloy are reported in Table 1. The aluminum sheet was coupled with a CFRP sheet with a thickness of 1.4
mm. The CFRP laminates were manufactured using plain weave (SK Chemical, UGN200). The carbon fiber
prepregs (MRC PYROFILTM, TR30S) and a thermosetting epoxy resin (bisphenol-A type epoxy+phenol
Novolac type epoxy) were cured for 2 h at 130 °C. The initial thickness of prepreg for a plywas 0.3mm before
the pressure was applied. The final resin content was estimated to be about 53%, as reported in Table 2. The
mechanical propetties and fabrication procedure of the CFRP sheet are reported in [39]. The main
characteristics and mechanical properties of the CFRP are reported in Table 2 and Table 3.

Table I Chemical composition of aluminum alloy.

Element Mg Si Mn Al
Concentration [%] 0.33 0.96 0.87 96.62

Table 2 Manufacturing conditions of CFRP

T?/pe of woven Tthickness of Number of plies Fi.ber volume Lay-up angle
fabric laminate [mm)] fraction [%] [deg]

Plain weave (3K) 1.4 7 53.3+0.45 0




Table 3 Mechanical properties of CFRP and AA6082-T6 alloy

M al Elastic Yield Strength, Ultimate tensile Flow Bearing ILSS

t

ateria modulus [GPa] Gy [MPa] Strength [MPa] stress [MPa]  Strength [MPa] [MPa]
282 380 P - -

AA6024 69 Py

CFRP 175.3 - 962.7 - 366 19.1

2.2 Clinching equipment

Clinched tests were carried out by means of a portable clinching machine model Python by Jurado srl
(Rivotorto (Perugia), Italy). In this investigation, the clinching configuration used in the first step was kept
unchanged. In this step (mechanical clinching), a split die with three sectors, die anvil depth h=1.1 mm and
initial diameter D=5.2 mm was used, as schematically depicted in Fig. 1(a). The split die was preferred to
fixed (grooved) one because it generally produces larger undercuts with lower forming forces and it enables
an easier extraction of composite crumbles from the die cavity [42]. The tool set of the first step also included
a punch with taper angle of 6°, diameter d=4 mm and fillet radius of 0.2 mm. After performing the first
joining step, the clinching tools were substituted and the second step was performed. In the second step
(reshaping), the height of the punch was varied in order to produce different punch-die cavity geometries
(reshaping depth, Ry). This was done by changing the height Hy of an adjustable ring, as depicted in Fig. 1(b).
The study also investigated the effect of the reshaping force in the second step, which was varied over two
levels F;=20.5 kN and F=28.8 kN, while the forming force in the first step kept unchanged (F;=28.8 kN).
These values were selected according to preliminary test results and the maximum available force of the
clinching machine. The experimental plan is summarized in Table 4. In all the tests, the aluminum was placed
at the punch side.

Table 4 Experimental plan

Case Reshaping depth, Rq [mm] Reshaping force, Fj [kN]
NO (No Reshape) -

P20R,2 2 20.5

P28R,2 2 28.8

P20R41 1 20.5

P28R,2 1 28.8

P20R40.5 0.5 20.5

P28R¢0.5 0.5 28.8

First Step Second Step (Reshaping)

'Joining Force, F,

Punch | 8
6° \

\ Adjustable
Ring -

|
T

Aluminum Aluminum

Die Anvil
4
a 5.2 b

Fig. 1 Schematic of the adopted clinching tools in (a) first step and (b) second step.

Reshaping Force

2.3 Mechanical characterization of the joints

The mechanical behavior of the joints was assessed by means of single lap shear tests. To this end, a
Universal Test machine model 322.31 by MTS was used using 25 kN full-scale under quasi-static conditions
(constant crosshead speed 1 mm/min). The geometry and specimen dimensions are reported in Fig. 2a. For
each joining condition, five replicates were performed and the average and standard deviation of the ultimate
lap shear force F; (maximum load recorded during the shear test) and absorbed energy W, calculated as the
area underlying the load-displacement curve of a shear test, were determined.



Alignment Tab

Type |

Fig. 2 Schematic of the specimens used for characterization tests: (a) single lap shear test and (b) “two halves” specimen used for analysis
of material flow of cross-section.

To examine the deformation of the joint and crack propagation throughout the CFRP sheet during the
single lap shear tests, a double-halves joint specimen (Type II) was adopted, as schematized in Fig. 2b. This
specimen is constituted by two-halves joints (which were sectioned after joining by clinching). When
producing these specimens great care was paid in order to produce the cross sections parallel to the loading
direction, and the line L¢ ¢y, which passes by the joints centers (C1 and C2), perpendicular to the loading
direction, as schematized in Fig. 2b. Three replications were performed for specimens Type II to ensure
replicability of these tests.

This shape constrained the rotation of the specimen around the joint during the shear test. The cross section
evolution during the shear test was thus recorded using a 16-bit DSL camera model D5200 by Nikon with
resolution of 6000x4000 mounted on a stereo microscope model Stemi DV4 by Zeiss.

2.4 Analysis of joints morphology

To investigate the influence of the aforementioned process parameters and particularly the difference
between clinched and reshaped joints, the cross-sections for all the specimens were analyzed. The joints were
cut in the middle by means of a low-speed saw with diamond blade. The cross sections were thus analyzed by
means of optical metallographic microscope model DM5000 by Leica Microsystems and the above-
mentioned stereoscope under reflective light. For each tool set, the main geometrical parameters, namely the
undercut t;, neck thickness t,, and bulge height H depicted in Fig. 3, were measured.

Neck Thickness ‘ Aluminum Bulge
/
, /
. / Aluminum
|
)
T
| Heigth of
Undercut protrusion

Fig. 3 Main geometrical characteristics of Aluminun/CFRP clinched joints.

3. Results and Discussion



3.1 Geometry of the joint

The cross-sections of the clinched joints made by single-step clinching (no reshape) and two-steps
clinching are reported in Fig. 4. The cross sections of the joints show a certain asymmetry (different undercut
and neck thickness values of the left and right hand sides of the joints). This is due to the high stiffness and
anisotropy of the CFRP sheet that drives the aluminum material towards directions of less resistance (between
fiber plies). To this end, five cross sections for each processing condition were analyzed.

No Reshape

P20R,0.5

P20R,2 Upsetting Ring

Buckling Deformation Buckling Deformation
Fig. 4 Cross-sections of the joints produced under different processing conditions.

As can be observed from Fig. 4, no crack appear on the aluminum sheet at the neck region regardless the
joining condition. Comparing the cross sections of “two-steps’ joints with no-reshape ones, some differences
can be appreciated. Indeed, the contact surface of aluminum-CFRP shown in Fig. 4a is relatively regular,
while, on the other hand, by increasing the reshaping depth (Rg) the contact surface becomes more irregular
showing intermediate side protrusions (as also depicted in Fig. 5b). In addition, excessive reshaping depths
produced smaller contact surface (this was particularly evident in Fig. 4f-g and higher magnification reported
in Fig. 5¢) and bulge height (e.g. for P28R,2 joints H=1.6+0.07 mm). This has potential detrimental effects of
the mechanical behavior of the clinched joints as reported in [32]. In addition, when H is smaller than the
thickness of the CFRP, the last plies of the CFRP hole are not in contact with the aluminum bulge promoting
the onset of delamination and consequent reduction in load capacity.

No Reshape (Area 1) P20R40.5 (Area 2) P28R42 (Area 3)
e — = 0.5 mm
e

o

Bottom of

. GFRP sheet

N P oA

Fig. 5 Effect of reshaping on the contact between the aluminum bulge and CFRP hole by reshaping. The areas refer to selections depicted
in Fig. 4.



The mechanical behavior of clinched joints is determined by several factors including the geometry of the
joints, the length of contact arc, the bulge height, neck thickness and undercut dimensions [20], the damage
that may develop during the joint formation [36] and strain hardening (since the process is generally carried
out at room temperature) as well as the damage of the CFRP near the hole. To understand the influence of the
reshaping tools on the mechanical behavior of the joints, the characteristic dimensions, namely the undercut
ts, neck thickness t, were compared in Fig. 6.

m Neck Thickness Undercut

o

2 9
& & Q’LQ@
<
<

Fig. 6 Variation of the neck thickness and undercut by adopting different reshaping tools and joining forces.
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Comparing the critical joint dimensions, it is evident that the undercut, which is much smaller than the neck
thickness, represents the key parameter that determines the mechanical behavior of the joints.

The reshaping force is mainly exerted on the aluminum side-walls of the joint. Depending on the reshaping
value Ry, this may result in different material flows. When small values of Ry are adopted, the reshaping step
produces an increase in the undercut and higher contact pressure between the aluminum and CFRP (as also
shown in the macrograph depicted in Fig. 5). When large values of R, are used, the bulge height H reduces
since the die pushes the aluminum bulge towards the joint axis rather than expanding the undercut, as shown
in Fig. Sc.

3.2 Material flow

During the reshaping step, the aluminum side-wall is partially in contact with the punch (guided aluminum)
as shown in Fig. 7, while the bottom part of the aluminum bulge is less constrained (free aluminum). When
low values of R, are adopted (e.g: R4=0.5 mm), the free aluminum region is characterized by a reduced
height; thus, this region is' mainly subjected to upsetting that promotes an increase in the undercut and contact
pressure between the aluminum and the surrounding CFRP, as schematized in Fig. 7a. On the other hand,
when larger values of Ry are used (e.g. R¢=1.0 mm and R4=2.0 mm) a different material flow is produced.
Indeed, under such conditions, the greater height of the free aluminum region involves a lower stiffness.
Thus, a higher instability is produced that promotes an inward bending of the aluminum bulge, which results
in reduction of the undercut t; and the bulge height H. The material flow produced under such conditions is

schematized in Fig. 7b.
Increase in Undercut Inward bending
of aluminum bulge

Guided Guided
Aluminum Aluminum

- |t
Free - Free
Aluminum Aluminum

Reshaping Force

a Small Ry (Ry;=0.5 mm) b Large Ry (Rg;=2 mm)
Fig. 7 Schematic of material flow using (a) small value of Rq and (b) large value of Rq.
‘When the higher levels of reshaping force were used, the material flow is accentuated: then, it resulted in
higher increase in the undercut when R4=0.5 mm and a higher reduction in the undercut for R4=1.0 and 2.0

mm.



3.3 Mechanical behavior of the joints

Load-displacement curves of clinched joints made by different tools are reported in Fig. 8. All the joints
failed by pull-out, which is a typical failure mode of clinched connections characterized by relatively small
undercuts. The curves reported in Fig. 8 share a common behavior especially in the first path, which suggests
that the stiffness of the joint is negligibly influenced by the reshaping step. On the other hand, the joints are
characterized by different values of shear strength and absorbed energy, which demonstrates that the
reshaping step can be positively employed to improve the mechanical behavior of clinched joints. Because of
the pull-out failure mode, load-displacement curves shows a gradual load reduction after reaching the peak
load (shear strength of the joint) up to the complete loss of the carrying load capability. This behavior is
commonly preferable as compared to steeper load reduction trends (brittle behavior of the joint) as it enables
more energy being absorbed by the joint, before the complete separation of the sheets.

25

@
——NO
2.0 ——— P28R2
® ——— P28R,1
E 1% P28R,0.5
3 P28R,0.5
L] 1.0 (Double Halves Joint)
0.5
_—
0.0 \ , ‘ ‘
0.0 0.3 0.6 0.9 1.2 15

Displacement [mm]

Fig. 8 Load-displacement curves of clinched joints made under different reshaping conditions and no reshape.

Fig. 9 depicts the evolution of the cross section (recorded by digital camera using the specimen of type II)
for the highest strength specimen (P28R40.5). In the first phase of the shear test (almost linear path), the
specimen undergoes a modest rotation (up to 1°), because of the relatively high thickness of the aluminum
sheet. In addition, during this phase, any significant change in the joint cross section was observed (because
of the large neck). However, as the peak load (shear strength of the joint) was reached, the CFRP showed
greater damage, which resulted in load reduction. During this phase, the bearing load (exerted by the
aluminum bulge) produced significant delamination and bucking in the CFRP hole, as shown in Fig. 8
(points 3-5).

Fig. 9 Cross section of the clinched joint (P28R40.5) during the shear test.

Despites of the above-mentioned joint failure mode, different causes may compromise the mechanical
performances of clinched joints due to the presence of defects and excessive damage of CFRP hole. Actually,
the adoption of tools that produced an excessive reshaping depth reduction or excessive material flow resulted
in premature onset of critical conditions that led to reduction of the shear strength and absorbed energy.
Excessive material flow during the reshaping step, involved high damage in the composite hole (mainly



buckling and delamination). During the shear test, this also resulted in separation of the damaged CFRP (that
adhered to the aluminum bulge) from the rest of the CFRP hole, as depicted in Fig. 10 a-d. Another type of
defect, namely intermediate side protrusions was identified. This defect induced high concentration of contact
loads, and produced early fractures in the CFRP with consequent reduction in load carrying capability Fig.
10e-h. Finally, tools involving high height reductions determined a smaller contact surface between the
aluminum bulge and the CFRP hole. In this case, the last plies of the CFRP did not contribute to the load
carrying during the shear tests, leading to a reduction of the mechanical strength of the joint.

Fracture Path

Detach Large damage

Intermediate
Side Protrusion

Fig. 10 Different fracture development: a-d Detach and e-h side protrusion fracture induced.

Fig. 11 compares the (a) shear strength and (b) absorbed energy of the joints made under different
processing conditions. As can be inferred, the geometry of the tools used in the second step (reshape) had a

stronger influence on the mechanical behavior of the joints as compared to the reshaping force.
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Fig. 11 Effect of reshaping tools and reshaping force on (a) ultimate shear force and (b) absorbed energy of the joints.

The reshaping tool with R4;=0.5 mm enabled an increase in the shear strength and the absorbed energy by
32% and 30%, respectively, as compared to the joints made without reshaping, since deformation
schematically depicted in Fig. 7a w(increase in undercut) was promoted. On the other hand, higher reshaping
depths (Ry;=1 mm and Ry=2 mm) had detrimental effects on the mechanical properties of the joints, since
deformation depicted in Fig. 7b (inward bending of the aluminum bulge) was induced. For R4=0.5 mm,
increasing the reshaping force yielded to higher strength and absorbed energy of the joints, while for R4=1.0
mm and R4=2.0 mm higher reshaping force resulted in a slight or higher reduction of both F; and W.
Therefore, the shape of the joining tools (reshaping depth) determined the direction of the material flow
(increase in undercut or inward bending of the aluminum bulge) while the reshaping force determined the
magnitude of the material flow.

3.4 Bearing Strength of the joints
The bearing strength of the clinched joints performed with and without the second (reshaping) step was
compared with the bearing strength of the CFRP composite material, which was characterized by standard



bearing tests according to ASTM D5961-04 [43] standards [39]. To this end, the maximum bearing strength
of the joints was calculated as the ratio of the ultimate shear force (recorded in single lap shear tests) by the
CFRP resistance area A, schematizedin Fig. 12 (given by the height of the composite material multiplied by
the hole diameter).

i
Bearing Area, A,

Fig. 12 Schematic of the resistance area A, used for calculation of bearing strength of the joints.

Thus, to evaluate the bearing strength, the hole diameter of all the joints was measured. It was found that,
the hole diameter was slightly influenced by the reshaping conditions (the diameter of all the joints ranged
between 6.5 mm and 6.65 mm). Thus, the bearing strength of the joint followed a similar trend .of that of the
ultimate shear strength with the reshaping conditions. The joint made without the reshaping step was
characterized by a bearing strength of 172 MPa while that made by the second step with R4=0.5-mm and
reshaping force of 28.8 kN showed a bearing strength of 227 MPa that is an increase by 32%. Such values are
still lower than the bearing strength of the composite material (366 MPa) leading to a joint efficiency,
calculated as the ratio of the joint strength by the CFRP bearing strength) of 62%.

4. Conclusions

The present investigation was aimed at verifying the suitability of mechanical clinching for producing
hybrid CFRP-aluminum joints using extensible dies. Different geometries of the clinching tools were tested
by varying the reshaping tools geometry while keeping the pin diameter and the taper angle unchanged.
Geometrical and morphological analysis revealed the influence of the punch geometry and damage on the
clinched joints. Single lap shear tests were carried out to assess the mechanical behavior of the joints. In
addition, a new type of specimen consisting of a doubled-halves joint was developed to enable the
observation of the clinched joint behavior during the shear test. The main findings of the research are as
follows:

e  The reshaping step is feasible for improving the mechanical behavior of such clinched
connections; indeed, under optimal conditions it allowed to increase the shear strength and the
absorbed energy by 32% and 30%, respectively as compared to no reshaped joints;

. The increase inthe mechanical behavior was due to the increase in undercut (the joints failed by
pull-out); in addition, a significant increase in the neck thickness was also observed;

e  The geometry of the reshaping tools represents a critical parameter; actually, improper design of
the tools may have detrimental effects on the geometry and consequently the mechanical
properties of the clinched joint. Indeed when large values of the reshaping depth are used, the
second step involves an inward-bending of the aluminum bulge that tends to reduce the undercut;

e _The reshaping step increases the contact between the aluminum and the CFRP hole. However,
excessive values of the reshaping depth yielded higher damage in the CFRP sheet due to buckling
and delamination.

e The main defects appearing on the joints and their causes were identified.

e the bearing stress of the reshaped joints made under optimal conditions (227 MPa) also increased
by 32% as compared to the joints made without the reshaping step (172 MPa).
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