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Abstract
The clinched process of heterogeneous materials is more and more used in automobile, aerospace, and
household appliances manufacturing. Traditional spot welding is easy to produce heat in�uence and
damage material itself, which restricts the application and development for the hybrid structure of the
vehicle body. This paper is based on the test of clinching. The cross-section morphology of clinched
joints is observed. Based on the tensile test data and the requirements of the test die, the �nite element
model of the steel-aluminum clinched joint forming is established. The model is proved to be effective in
the process of clinched forming. Based on the simulation model, the in�uence of process parameters
(forming process parameters, Punch’s geometry parameters, and concave die structural parameters) on
the forming quality of steel- aluminum clinched joint is analyzed. The evaluation of the joint after forming
includes the critical dimension, deformation, and neck-lock ratio. Then, the strength of the steel-aluminum
clinched joint was studied by tensile shear test. The law of strength change and the neck-lock ratio is
analyzed. The selection strategy of different process parameters is studied. The results show that the
forming process of the joint is predicted by numerical simulation, and the quality of the joint is sound.
The neck-lock ratio of the joint with the highest tensile and shear strength is less than one and close to 1,
that is, the joint with forming force of 40kN. The tensile strength and shear strength of clinched joint are
higher than the design index (shear strength is 1700N, tensile strength is 700N). The tensile strength was
increased by 125%, and the shear strength was 62.35%.

1 Introduction
With the rapid development of lightweight technology, high-strength steel and aluminum alloy are widely
used in designing and manufacturing the vehicle body with good plastic processing properties. For the
sake of realizing the difference in control of the performance of the body structure, the components of
high-strength steel and aluminum alloy are often used in combination. Conventional steel aluminum
heterogeneous joints are generally welded [1] and typical riveted connections [2]. The joint strength
produced by spot welding is high. But it can destroy the coating on the metal surface. Producing metal
compounds that reduce strength; The dynamic and static strength of joints produced by typical rivets is
good. But in the forming process, rivet damage materials, energy consumption, and investment cost are
high. For the sake of realizing the connection between steel and aluminum, the clinched process has been
developed. However, due to the signi�cant difference in physical and chemical properties of steel and
aluminum, how to realize a connection between high-strength steel and aluminum alloy for clinching has
become a hot research topic in the �eld of body manufacturing [3]. The development of numerical
simulation provides an effective way to obtain the prediction of joint forming. It simpli�es the actual
forming process of process. The forming prediction is realized by using the �nite element software, and
the in�uence of the process parameters on the forming joint is analyzed. The product's development
cycle is shortened, and a large amount of die manufacturing cost is saved. Therefore, the numerical
simulation method is widely used in the forming of clinching.



Page 3/26

As a kind of cold extrusion forming technology, the clinching has a variety of die structures. At present,
the experiment and simulation can realize the non-destructive connection between thin sheets. The test
can genuinely re�ect the forming effect of the joint. Abe et al. [4] successfully connected the ultra-high-
strength and low plasticity steel sheet by adjusting the die parameters and compared the strength of
clinched joint and spot welding joint. The results show that mechanical clinching has high fatigue
strength. Atia and Jain [5] used dieless clinching process to connect 7075 aluminium alloy sheets with
different tempering conditions (O, W, T6). The �ow behaviour, neck thickness and interlocking
characteristics of the material during clinching were analyzed. The mechanical properties and failure
forms of the joint were obtained through single shear lap and peel tests. Mucha and Witkowski [6]

successfully joined dx51d + Z / 275 galvanized sheet and obtained the maximum strength of the joint
through the strength test of single shear lap specimen, H-shaped specimen and T-shaped specimen. With
the development of clinching for aluminium alloy sheet, high protrusion and low strength are not suitable
for connecting particular structures. Because of the above problems, Chen et al. [7] proposed a clinching-
reshaping process suitable for aluminium alloy sheet, which adopted two steps of clinching and �at
pressing reshaping, reduced the joint bulge height and successfully improved the connection strength of
5052 aluminium alloy and 6061 aluminium alloy. Chen et al. [8] also, compared to the joint quality of the
two methods, the results show that the strength of the two kinds of joint is higher than that of the
clinched joint, and the strength of the joint with die shaping is the highest. 6061 aluminium alloy plate
was successfully connected by two compressing methods of clinched joints, which was formed by Chen
et al. [9], and the tensile and shear strength was improved by Chen et al. [10]. Subsequently, Chen et al. [11]

studied the reshaping of aluminium alloy clinched joints with different thicknesses, and the strength was
improved compared with that before reshaping. This technology can be used for the joints requiring high
strength and low protrusion. Clinched joints will be deformed or damaged when they bear an enormous
shear force. A new repair process was proposed by Chen et al. [12]. The process is suitable for repairing
deformed/damaged clinched joints. Furthermore, the repaired joints have higher shear strength [13–14].
Compared with other joints, the strength of the repaired joint is higher. The thin sheet connection
materials studied above are mainly homogeneous metal, and the clinched die has become mature. At
present, the clinching has entered the �eld of dissimilar material connection, its connection quality is
better, and its strength is higher than that of homogeneous material connection. Huang and Yanagimoto
[15] proposed a heat-assisted plastic deformation steel aluminium bonding process for metal sheet, which
can obtain high-quality joints through high-temperature activated interfacial atomic interdiffusion. The
connection process has good connection performance, lightweight, simple operation and extended die
life. Lambiase and Ko [16] studied the feasibility of clinched process between carbon �bre reinforced
polymer (CFRP) and aluminium sheet and evaluated the mechanical properties of the joint through a
single lap shear test. The undercut is the critical parameter that affects the performance of composite
clinched joint due to drawing failure in the mechanical test. Then, Lambiase [17] separately studied the
mechanical riveting connection performance of different thermoplastic polymers and aluminium alloy
sheet and successfully realized the clinching of non-metal and aluminium alloy. Vahid et al. [18]

introduced a kind of high-speed mechanical riveting (HSMC). The high speed of the punch is provided by
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releasing electric energy in the �uid during the electro-hydraulic forming process. The technology
successfully connects 1050 aluminium alloy and AISI1070 carbon steel, and the mechanical properties of
the joint are measured under three kinds of lapping modes, which provides a reference for the
development of new technology of dissimilar material connection.

The numerical simulation provides conditions for further study of clinching. By simplifying the actual
forming process of the clinched joint, the forming prediction is realized by using �nite element software,
and the in�uence of process parameters on the clinched joint is analyzed. Effectively shorten the product
development cycle, save material and �nancial resources. In addition, it can save many mould
manufacturing costs. Therefore, the numerical simulation method is more and more widely used in
clinching. Ge and Xia [19] prepared different lap specimens for dx51d + Z steel and 5182-o aluminium
alloy, and carried out quasi-static and low-velocity impact tests on riveted joints with peel specimens and
shear specimens, respectively. The in�uence of loading rate on the overall force-displacement response
and failure mode of the joint is analyzed by experiment and simulation. He et al. [20] used the �nite
element method to simulate the clinched process of the telescopic die. The deformation and failure of the
clinched joint of the telescopic die under uniaxial tensile load were studied, and the strength and energy
absorption of the joint was analyzed. With the application of clinched joint more and more widely [21],
some scholars have carried out many numerical simulation research on �at pressing reshaping
connection process. After reshaping, the tensile shear strength and energy absorption of the clinched joint
are signi�cantly improved. First, numerical simulation research on the shaping method to reduce the
protruding height [22] of riveted joint and effectively simulated the joint deformation in the shaping
process. Then Chen et al. [23] compared the forming quality of the joint with and without rivets by
numerical simulation. The joint with rivets have higher strength and better connection quality. Coppieters
et al. [24] predicted the shear and drawing strength of the joint by numerical simulation, and the
simulation results were in good agreement with the actual measurement. Tenorio et al.[25] used the �nite
element method to study the clinching and analyzed the in�uence of different die shapes on the forming
results. The comparison error between the numerical simulation results and the experimental
measurement is small, which avoids the manufacturing of different dies and multiple tests. Josip et al.
[26] carried out the �nite element numerical simulation of the mechanical clinched process of hc260y steel
sheet and determined the die parameters with the most signi�cant interlocking in�uence between sheets.
Mucha [27] studied the in�uence of process parameters on the bonding properties of high strength steel
by �nite element analysis method, and determined that die radius, die depth and die groove shape have
an essential in�uence on the bonding properties of h320la high strength steel. It is still di�cult to connect
aluminium alloy and other materials to high strength / low plasticity materials by joining methods based
on forming technology. Lee et al. [28] developed a new joining process for these materials combination,
namely the �at hole riveting process. Through experiment and simulation, aluminium alloy and high
strength material are successfully connected. Wen et al. [29] veri�ed the practicability of �at hole clinching
through �nite element analysis and experiment. Breda et al. [30] used uncoupled plastic behaviour to
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simulate the plastic properties of clinched joints and studied the properties of clinched joints through
simulation and tension shear tests.

The above research shows that the numerical simulation can effectively predict the forming process of
clinching. It can save the cost of mold manufacturing when the process parameters change. It provides
guidance and reference for practical production. For the sake of effectively predict the clinched forming
process of high-strength steel and aluminum alloy heterogeneous materials. In this paper, the clinching of
a heterogeneous metal sheet based on the �xed die is studied. Combined with experiment and numerical
simulation, the effects of process parameters such as punch radius, punch �llet, die radius, die depth, and
forming force on neck thickness, interlock value, bottom thickness, and the neck-lock ratio of steel
aluminum clinched joint were studied. Tensile and shear tests analyzed the strength of the upper steel-
lower aluminum joint. The relationship between neck-lock ratio and Maximum tensile and shear strength
of joint was obtained. Then the selection strategy of clinched process parameters is analyzed. The
numerical simulation of clinched joint forming was studied. The forming quality of the joint with different
process parameters was predicted. The problem of frequent processing and manufacturing of mold is
solved.

2 Forming Technology Of The Clinching

2.1 Forming principle
The clinching is a kind of cold extrusion forming technology in which two or more sheets are subjected to
an instantly high-strength extrusion through stamping equipment and die, and the material �ows laterally,
resulting in axial locking between sheets, forming a circular joint. The process is shown in Fig. 1. The
technology has the advantages of no auxiliary materials, simple process, clean and environmental
protection, no surface damage, and high speci�c strength of joints.

2.2 The clinching experiment
The research is based on the experiment of clinching. As shown in Fig. 2, cec08 �oor type punch is
selected as the test equipment, which mainly includes gas-liquid force increasing system, pressure
switch, footswitch, and dies part. The maximum impact pressure during clinching is set as forming force.
The upper sheet is HC340/590DP high strength steel, and the lower sheet is 6061-T6-T6 aluminum alloy.
The thickness of the steel and aluminum sheet is 1.2mm, and the clinching of upper steel-lower
aluminum is collectively referred to as US2-LA2, in which 2 means the thickness of the sheet is 1.2mm.
The stamping speed is about 2 mm/s. The cut specimen is used to observe the joint section. Single shear
lap specimens and cross specimens are used for tension and shear strength tests.

The deformation and �ow characteristics of heterogeneous alloy with different lap forms are considered.
At present, the diameter of the commonly used clinched joint is 4mm-12mm. The diameter of the selected
die is about 8.4mm. Generally, the die gap of clinching is 30% − 60% of the total sheet thickness. The total
thickness of the sheet is 2.4mm. Therefore, the die clearance should be 0.72-1.44mm. Nevertheless, the
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too-small gap will make the pressure stress between the dies larger. The more friction. In order to improve
the service life of the die and reduce the in�uence of friction. The radius of the punch is 2.6 mm, the
radius of the die is 4.2 mm, and the die clearance is 1.6 mm, which is in line with the normal range (Lee et
al., 2010). The �llet radius and draft angle of punch slow down the �ow of material and improve the
clearance of the neck area; the depth and groove size of the die increases the �ow of material.

2.3 Experiment results
The test results of the clinching are shown in Fig. 3. The connection quality of steel-aluminum joint under
different forming forces is excellent. There are no apparent defects and cracks between the upper and
lower sheets.

3 Numerical Simulation Of Clinching Between High Strength Steel
And Aluminum Alloy

3.1 Material properties
6061-T6 aluminum alloy and HC340/590DP cold-rolled dual-phase steel were studied. The thickness of
the tensile test piece is 2 mm. WDW-100E microcomputer-controlled electronic universal testing machine
is selected as the test equipment. According to the actual deformation rate, the strain rate is 0.05s-1. The
�ow stress model �tting results of steel and aluminum materials are shown in Fig. 4. The Voce model
describes the stress-strain relationship of the material well. The formula is as follows:

Where σ is the �ow stress; εP is the equivalent plastic strain; σs is the material's yield stress; A and m are
the material parameters.

3.2 Finite element model
For the sake of predicting the forming quality of clinched joint, a two-dimensional axisymmetric
numerical simulation model of the clinched joint is established by using ABAQUS, as shown in Fig. 5. The
critical dimension parameters are neck thickness value tN, interlock value tU, bottom thickness value d,
and neck-lock ratio c. Since clinched forming is a quasi-static analysis process, the dynamic display
method is used for analysis and calculation. The punch, blank holder, and �xed die are set as rigid bodies,
and the upper and lower sheets are set as plastic deformation bodies. The grid cell type of sheet is cax4r.
ALE adaptive technology is used to improve the mesh distortion caused by severe extrusion. To ensure
consistency with the forming test, the friction coe�cient between the upper sheet and the lower sheet is
0.28. The friction coe�cient between die and sheet is 0.12. The blank holder force is constant at 10KN.
The stamping speed is about 2 mm/s.

3.3 Simulation results and veri�cation
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The impact force-displacement curve of the joint in the forming process is shown in Fig. 6. The
comparison of numerical simulation and experimental measurement results is shown in Fig. 7. The
simulation result of the joint is sound. The prediction error of neck thickness was 2.55%. The prediction
error of the interlock value is 3.93%. The simulation model can effectively predict the process of
clinching.

4 The Effects Of Process Parameters On Clinched Joints
To make the forming quality of clinched joint meet the standard requirements, to ensure the prediction
accuracy of joint section size. Based on the simulation data, the deformation of the critical dimensions of
the clinched joint section in the pressure holding unloading stage is analyzed. The main process
parameters studied are forming force F1, blank holder force F2, punch radius RP, punch �llet R1, draft
angle β, die radius RD, die depth H, and groove width L.

In the pressure holding-unloading stage, the neck thickness, interlock value, and bottom thickness of the
clinched joint under different process parameters were measured, As shown in Fig. 8. The neck thickness
value tN1, interlock value tU1 and bottom thickness value d1 were measured in the pressure holding stage,
and the neck thickness value tN2, interlock value tU2, and bottom thickness value d2 were also measured
in the unloading stage. The critical dimension difference between the two stages is the deformation. Set
N value, U value, and D value, respectively. It is worth noting that the results after unloading are measured
when the effects of forming process parameters, Punch’s geometry parameters and die structure
parameters on the forming quality of clinched joint are studied.

4.1 Effects of forming process parameters

4.1.1 Forming force
Set other process parameters to constant values. The effect of forming force F1 on the joint was studied.
The forming force was set to 30KN, 40kN, and 50kN for �nite element simulation. The results are shown
in Fig. 9. With the increase of F1, tN decreased, tU increased, and c decreased. The neck thickness
decreases when the initial forming force increases. As the forming force continues to increase, the
transverse �ow of the material is slow, the deformation increases, and the neck thickness continues to
decrease. When the groove is �lled, the material is squeezed seriously, and the interlock area increases.
The Nmax and Umax values after unloading are both 0.005. The deformation rate is 1.44% and 1.26%,
respectively. The maximum error of c is 2.4%. The above error is small, and the changing trend is the
same in the two stages of pressure holding and unloading. Under different forming forces, the prediction
accuracy of numerical simulation is higher.

4.1.2 Blank holder force
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The blank holder force F2 is set to 1KN, 5KN, 10KN, 20KN, and 30KN for �nite element simulation. The
results are shown in Fig. 10. With the increase of F2, tN increases slightly and then tends to be constant.
The variation of the whole process is slight; tU �rst decreases, increases, and �nally tends to be constant.
The change's �uctuation was also slight; the change amplitude of c was unstable in the two stages, and
the ratio was always greater than 1. d �uctuates slightly with the increase of F2. In a speci�c range, F2

has little in�uence on the critical dimension parameters of the formed joint. F2 can be taken within the
acceptable range, but it should not be too large or too small. If F2 is too large, the sheet near the joint will
be depressed; if F2 is too small, the sheet will be warped. The Nmax and Umax values after unloading are
0.008 and 0.0085, respectively. The deformation rate is 2.13% and 2.37%, respectively. The maximum
error of c is 3.0%. The above error is small. Moreover, the changing trend of critical dimensions is the
same in the two stages of pressure holding and unloading. There was a signi�cant difference in the value
of c. However, the blank holder force has little effect on the process, and F2 is not studied deeply.

4.2 Effects of punch’s geometry parameters

4.2.1 Punch radius
The punch radius RP was set to 2.4mm, 2.5mm, 2.6mm, 2.7mm, and 2.8mm, respectively, for �nite
element simulation. The results are shown in Fig. 11. There was an inverse relationship between the value
of neck thickness tN and the value of interlock tU. With the increase of RP, tN �rst decreases and then
changes slightly. The tU is on the rise. The c showed a downward trend. The neck region will decrease
when the RP increases initially. With the increase of RP, the material �ows slowly, the extrusion force
increases, and the neck thickness changes little. When the groove is �lled, the material is squeezed
seriously, and the interlock area increases. The Nmax and Umax values after unloading are 0.005 and 0.01,
respectively, the deformation rate is 1.48% and 2.21%, and the maximum error of c is 3.1%. The changing
trend of critical dimensions and the neck-lock ratio is the same in the two stages of pressure holding and
unloading.

4.2.2 Punch �llet
The punch �llet R1 is set at 0.1mm, 0.2mm, 0.3mm, 0.4mm, and 0.5mm, respectively, for �nite element
simulation, and the results are shown in Fig. 12. There was an apparent inverse proportional relationship
between the value of tN and the value of tU, with the increase of R1, tN increases, and tU decreases.
Moreover, the change of them is noticeable. C showed an upward trend. The increase of punch �llet will
lead to insu�cient material �ow into the die, slow transverse �ow, and low interlock value. The Nmax and
Umax values after unloading are 0.005 and 0.004, respectively, the deformation rate is 1.21% and 1.74%,
and the maximum error of c is 0.71%. The changing trend of critical dimensions and the neck-lock ratio is
the same in the two stages of pressure holding and unloading.

4.2.3 Draft angle
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The draft angle β is set as 0°, 0.5°, 1°, 1.5°, and 2° respectively for �nite element simulation, and the
results are shown in Fig. 13. With the increase of β, tN �rst increases, decreases, and then increases, but
the change range is small, while tU has been declining, and c has been increasing. Appropriately
increasing the draft angle can coordinate the neck thickness and interlock value and improve the
clearance of the neck region. After unloading, the Nmax and Umax values are 0.005 and 0.006, respectively,
and the deformation rate is 1.48% and 1.54%, and the maximum error of c is 1.80%. The changing trend
of critical dimensions and the neck-lock ratio is the same in the two stages of pressure holding and
unloading.

4.3 Effects of die’s geometry parameters

4.3.1 Die radius
The die radius RD was set as 4.0 mm, 4.1 mm, 4.2 mm, 4.3 mm, and 4.4 mm, respectively, for �nite
element simulation. The results are shown in Fig. 14. There was also an inverse relationship between the
value of neck thickness tN and interlock tU. With the increase of RD, tN �rst increases, then decreases, and
�nally shows an upward trend; while tU �rst decreases, then increases, and �nally shows a downward
trend; when RD is 4.2mm, c decreases slightly and then increases all the time. The increase of die radius
will make the cavity volume larger. Then the material �ow into the die is not enough, and the neck
thickness increases. Furthermore, the extrusion force of the material in the transverse �ow becomes
smaller. The interlock value decreases. The Nmax and Umax values after unloading are 0.005 and 0.0053,
respectively, the deformation rate is 1.48% and 1.32%, and the maximum error of c is 1.9%. The changing
trend of critical dimensions and the neck-lock ratio is the same in the two stages of pressure holding and
unloading.

4.3.2 Die depth
The die depth H was set to 1.35mm, 1.375mm, 1.40mm, 1.425mm, and 1.45mm, respectively, for �nite
element simulation. The results are shown in Fig. 15. With the increase of H, tN showed a downward
trend, while tU changed slightly; d showed an upward trend; c showed a downward trend. With the
increase of die depth, the die volume increases. It will result in insu�cient material �ow into the die. The
thickness of the neck increases, and the forming force remains unchanged—the bottom thickness
increases. The change range of interlock value is small. The Nmax and Umax values after unloading are
0.008 and 0.0084, respectively. The deformation rate is 2.23% and 2.06%. The maximum error of c was
1.7%. The changing trend of critical dimensions and the neck-lock ratio is the same in the two stages of
pressure holding and unloading.

4.3.3 Groove width
The groove width L was set as 1.10 mm, 1.15 mm, 1.20 mm, 1.25 mm, and 1.30 mm, respectively, for
�nite element simulation. The results are shown in Fig. 16. There was an inverse relationship between the
value of neck thickness tN and the value of interlock tU. With the increase of L, tN �rst decreases and then
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increases, while tU changes slightly; c �rst decreases and then increases slightly. The volume of the cavity
increases with the increase of the width of the groove. Then the material �ows into the groove su�ciently.
The neck thickness decreased. However, the groove width has little effect on the interlock value. The Nmax

and Umax values after unloading are 0.005 and 0.0044, respectively. The deformation rate is 1.48% and
1.09%. The maximum error of c was 1.5%. The changing trend of critical dimensions and the neck-lock
ratio is the same in the two stages of pressure holding and unloading.

5 The Clinched Strength Test And Variation Of Neck-lock Ratio

5.1 tension and shear strength test
Cross tensile and shear tests were used to determine the strength of the joint. The cross tensile test is
mainly for the axial tension of the formed joint until failure; the shear test is mainly for the radial tension
of the formed joint. The equipment and samples are shown in Fig. 17. The two joints are sheared and
stretched with the tensile speed of 2 mm/min, and the changes of shear force and tensile force are
measured. WDW-100E microcomputer-controlled electronic universal testing machine is selected as the
test equipment, and the self-designed cross tensile �xture and tensile test �xture are used as the �xture.
When the single shear lap sample is sheared, the upper �xture clamps the lower aluminum sheet to �x the
sample, and the lower �xture clamps the upper steel sheet to drive it to carry out radial tension the speed
of 2 mm/min. When the cross lap sample is stretched, the upper cross �xture clamps the lower aluminum
sheet to �x the sample, and the lower �xture clamps the upper steel sheet to drive it to carry out axial
tension at the speed of 2 mm/min.

5.2 Results and discussion
To better represent the forming effect of the clinched joint under different process parameters, the ratio
parameter of size is used to describe the forming quality of the joint, namely neck-lock ratio C. The
formula is as follows:

Where c is the ratio of neck thickness to interlock value, when c is greater than 1, neck thickness is more
signi�cant than interlock value. When c is less than 1, neck thickness is less than the interlock value.
Figure 4.18 (a) and (b) show the variation of neck-lock ratio and tensile shear strength under different
forming forces. When neck-lock ratio c is less than 1, the tensile shear strength decreases monotonously.
When the neck-lock ratio is greater than 1, the tensile shear strength is lower than that when the neck-lock
ratio is less than one and closest to 1. Therefore, when the forming force is variable and the c value is
less than one and closest to 1, the joint strength and forming quality are the best.

5.3 The design strategy of process parameters
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Take the process parameters selected in this paper as an example. The selection rules of each parameter
are analyzed, as shown in Fig. 19. Determine the selection strategy and method. The best combination of
process parameters was obtained. For the sake of obtaining a high-quality clinched joint. The speci�c
steps are as follows:

(1) Forming process parameters

The forming process parameters mentioned in this paper mainly include forming force and blank holder
force. According to the test veri�cation, the joint with neck-lock ratio c less than one and close to 1 has
the highest connection strength. Therefore, the best choice of forming force is about 32.5KN-40KN; and
the blank holder force has little in�uence on the critical dimension parameters of this process. There was
no regular change of neck-lock ratio. Therefore, it is not necessary to discuss the blank holder force,
choose the appropriate one.

(2) Punch’s geometry parameters

Punch’s geometry parameters mainly include punch radius, punch �llet, and draft angle. According to the
selection experience of forming force, there are mainly punch radius of 2.5mm and 2.6mm near the
guideline with neck-lock ratio c of 1. Therefore, the selection range of punch radius is about 2.5–2.6 mm,
according to the variation of neck-lock ratio. The selection range of punch �llet is 0.2-0.3mm; the broad
range of die draft angle is 0–2 °, according to the variation of neck-lock ratio with different draft angles.
The ratio at 0.5 ° or 2 ° is close to 1. Therefore, the range is 0.5-2 degrees.

(3) Die’s geometry parameters

The Die’s geometry parameters include die radius, die depth, and groove width. According to the change
curve of neck-lock ratio with different die radius. When the die radius is 4.1 mm, the neck-lock ratio c is
less than one and the closest to 1. Therefore, the selection range of die radius is about 4.1 mm.
Simultaneously, considering whether the die gap is appropriate, the selection range of die depth is about
1.35 or 1.4, and the neck-lock ratio is the best when the groove width is 1.1 mm.

The selection of the above process parameters is only a selection strategy and reference. Also, according
to the actual demand and punch and die structure adjustment.

6 Conclusion
Based on the established simulation model of the process of clinching for steel aluminum heterogeneous
materials. Different process parameters are selected. For example, forming process parameters, punch
geometry parameters, and concave die structural parameters. The in�uence of different process
parameters on the forming quality of joints is studied. Numerical simulation results expound the change
rule of the critical dimension of the joint section informing the process. The forming law of the joint under
different technological parameters is analyzed. Finally, the relationship between the neck-lock ratio and
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tensile strength and shear strength of the joint under different forming forces is analyzed. The results
show that:

(1) According to the comparison of numerical simulation and experimental results. The validity of the
numerical model is veri�ed. The error of critical dimensions is less than 5%. Then the in�uence of process
parameters on the forming quality of the joint is studied. With the increasing forming force, the transverse
�ow of materials is slow. The compression degree increased, and the neck thickness continued to be
small. When the groove is �lled, the material is squeezed seriously, the interlock area increases, and the
blank pressing force has little in�uence on the critical dimension parameters of the forming joint in a
particular range;

(2) With the increase of the radius of the punch, the material �ow is slow. The extrusion pressure
increases, and the neck thickness changes little. When the groove is �lled, the material is squeezed
seriously, and the interlock value increases; the increase of the �llet of the punch will lead to the defective
material �owing into the concave die. The material �ow is slow in the transverse direction. The interlock
value is small, and the proper increase of the draft angle can coordinate the neck thickness and interlock
value and improve the gap in the neck area;

(3) The increase of die radius will make the cavity volume more signi�cant, and then the material will not
�ow into the die. The neck thickness increased. Furthermore, the extrusion force of the material in the
transverse �ow becomes smaller. The interlock value is reduced; Too large or too small, the die depth will
cause stress concentration in the neck area. Therefore, under the condition of other conditions, the
thickness of the bottom can be adjusted by selecting the appropriate depth of the die, and the increase of
the groove width will make the volume of the groove cavity larger. Then the material �ows into the groove
su�ciently. The neck thickness decreased. However, the groove width has little effect on the interlock
value.

(4) Finally, the change law of the critical dimension of the joint section in the pressure retaining unloading
stage is analyzed. The results show that the clinched joint's neck thickness and interlock value with
different parameters are obtained. The deformation rate is lower than 5%. The error of the ratio of neck-
lock is less than 5%, so the deformation of the heterogeneous material in the clinching during the
pressure retaining unloading stage has little in�uence on the forming quality of the joint. The accuracy of
numerical simulation is also veri�ed indirectly.

(5) When the ratio of neck-lock c is less than 1, the tensile strength and shear strength decrease
monotonously. The tensile and shear strength of the neck-lock ratio greater than 1 is lower than that of
the one closest to 1. When the forming force is variable, when the c value is less than one and the closest
to 1, the clinched joint is the best, and the forming quality is the best. According to the law, the selection
strategy of other process parameters is brie�y described.
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Figure 1

Forming process principle of clinched joints(1: punch; 2: blank holder; 3:die; 4: upper sheet; 5: lower sheet)

Figure 2

Test equipment and die of clinching
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Figure 3

Joint section and actual size under different forming forces

Figure 4

Stress-strain curves of two materials
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Figure 5

Finite element model and mesh generation of clinching
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Figure 6

Punching force displacement curve in joint forming process

Figure 7
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Comparison of experimental measurement and numerical simulation results

Figure 8

Analysis of critical dimension change of clinched joint during packing unloading stage

Figure 9

Effect of forming force on joint forming quality
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Figure 10

Effect of blank holder force on forming quality of joint

Figure 11

Effect of punch radius on forming quality of joint
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Figure 12

Effect of punch �llet on forming quality of joint

Figure 13

Effect of draft angle on forming quality of joint
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Figure 14

Effect of die radius on forming quality of joint

Figure 15

Effect of die depth on forming quality of joint
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Figure 16

Effect of groove width on forming quality of joint

Figure 17

The equipment and sample of tensile and shear strength test
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Figure 18

Comparison of joint strength and neck-lock ratio under different forming forces
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Figure 19

Schematic diagram of selection of different process parameters


