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Abstract

To increase the accuracy of an equivalent clinch joint model, the effect of plastic

anisotropy and residual material state is investigated by using three different

yield functions (von Mises, Hill’s 48 and Yld2000-2d). The results show that the

residual stress state affects the calibration accuracy of the elastic and plastic pa-

rameters of the equivalent model in the normal direction of the joint. Moreover,

it is shown that the adopted yield function significantly affects the calibration

of the plastic model parameters. For the shear direction of the joint, however,

the choice of the yield function does not affect the calibration accuracy.

Keywords: Clinching, Equivalent FE modelling, Simplified Elements, Joining,

Material Anisotropy

1. Introduction

In recent years, lightweight constructions have gained more interest. In this

perspective, the need to join dissimilar, coated or hard to weld lightweight ma-

terials, led to the rapid development of mechanical joining techniques such as

rivets, self piercing rivets (SPR) and clinched joints. In the field of construction,5

automotive, heating ventilation and air conditioning (HVAC), multiple (dissimi-

lar) joints are used in order to obtain the desired design features within different
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regions of the constructions. To numerically predict the mechanical behaviour

of these constructions, an accurate response of the joint is needed. In a numer-

ical analysis, it is not computationally feasible to include detailed sub-models10

of these joints. Therefore, depending on the application, several equivalent or

simplified models were developed which can be applied to predict the mechan-

ical behaviour under different static, or dynamic load conditions. Langrand et

al. [1] proposed a simplified element to simulate rivet joint behaviour for air-

frame crash worthiness. The equivalent model was validated using a structure15

containing 700 riveted joints. The accuracy of the element, however, further

needed to be improved as the global stiffness and failure mode could not be

accurately described. The multi-axial behaviour of the equivalent model in this

work was calibrated using the experimental results of the modified Arcan test.

The latter was initially proposed by Porcaro et al. [2] proposed the modified20

Arcan test in order to obtain the multi-axial behaviour of self piercing riveted

(SPR) joints. This device allowed the user to control the tensile/shear ratio of

a joint during a tensile test and is proven beneficial to investigate multi-axial

joint behaviour. Coppieters et al. [3] used the device to investigate the be-

haviour of clinched joints under multi-axial loads. It was found that friction25

conditions and post-necking work hardening behaviour of the sheet metal are

of major importance to numerically predict the deformation behaviour under

mixed mode loads. However, the study was limited to steel sheet with iden-

tical thickness. For future work, multi-axial behaviour of dissimilar clinched

joints with different thickness should be further investigated. For spot welds,30

simplified models were developed for static and dynamic analysis. Xu et al. [4]

evaluated the performance of several equivalent models for spot welds. The in-

vestigated spot-weld models could accurately reproduce the stiffness behaviour

when subjected to certain load conditions (tension, out-of-plane torsion and

out-of-plane bending). However, there is still room for improving the predictive35

accuracy for in-plane torsion and in-plane shear. Khandoker et al. [5] used a

H-tension test to validate six simplified spot weld models and concluded that

the spider models SC-2 and SC-3 were preferable for static stress and dynamic
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crash analysis in terms of computational cost and accuracy. Palmonella et al.

[6] gave an overview of spot weld equivalent models were the model accuracy40

is updated using a finite element algorithm. This is validated using a single-

and double hat benchmark experiment. The conclusion shows that the single

beam elements are inaccurate compared to the more complex models due to the

limited updating possibilities. Hanssen et al. [7] developed a point-connector

model for large scale crash simulations with SPR joints. The results of an ex-45

perimental modified Arcan test under three load angles and a peel test were

used to determine the 10 calibration parameters of the model. The obtained

results show a good agreement between experimental and simulation results. It

is advised to include peel test data to improve the accuracy of the equivalent

model for SPR joints. The coupon level results show a good accuracy of the50

equivalent model, however, further validation in larger structures where inter-

action effects and more complex load conditions occur should be investigated.

Weyer et al. [8] proposed another model for crash simulation of SPR joined

structures. The model consists of a fastener element provided in the Abaqus

code, which is calibrated using the experimental results of the modified Arcan55

and peel test of a SPR sample. The obtained model provided a sufficient ac-

curacy, however the input of modified Arcan and peel test data is mandatory.

Grujicic et al. [9] extended this methodology by using virtual experiments of

a full scale SPR model to calibrate the simplified element. This approach can

provide an advantage for designers with limited access to experimental facilities.60

Bérot et al. [10] developed an universal equivalent model which was calibrated

using 6 experimental test cases all inducing different load cases onto the joint.

The calibration parameters were obtained by a computational zero-order min-

imisation algorithm. Although good agreement with the simulation results was

obtained for SPR joints, additional validation is needed to use it for other join-65

ing techniques. In this regard, the possibilities for clinched joints in this field

have not been thoroughly investigated. Breda et al. [11] proposed an equivalent

modelling strategy for a single clinched joint. It was shown that the latter ap-

proach enables to accurately reproduce the force-displacement behaviour under
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quasi-static mixed mode loading for a single joint. Breda et al. [12] validated70

this equivalent clinch methodology for multi-joint configurations on lab coupon

scale experiments and as well on a full-scale industrial test case involving a com-

plex load distribution. The global response could be accurately reproduced by

the proposed equivalent model.

75

In the majority of the cited work on equivalent modelling, experimental re-

sults are used to calibrate the governing parameters of the equivalent model.

During these benchmark experiments, the base material is often plastically de-

formed and contains a residual material state due to forming operations prior

to the joining of the test specimen. This paper scrutinizes two specific aspects80

systematically ignored in previous studies on the calibration of equivalent mod-

els for mechanical joints: i) the effect of residual stresses due to manufacturing

of the test specimen ii) the effect of plastic anisotropy of the steel sheet itself,

in the remainder of this referred to as base material. The former might affect

the elastic calibration while the latter could potentially bias the calibration of85

the post-yield behaviour. The most important point here is that the experimen-

tal and computational effort associated with the calibration procedure depends

on the complexity of the FE model. Indeed, the need for detailed material

modelling and incorporation of residual stresses would increase the calibration

effort of the equivalent model. This paper aims at clarifying the role of plastic90

anisotropy and residual stresses on the calibration procedure presented by Breda

et al. [11] to arrive at a generic equivalent modelling strategy for clinched con-

nections. Moreover, the intention is to enable extension of the research to other

equivalent joint strategies following a similar approach. To this end, bench-

mark experiments (U-shear lap test and H-tension test) were conducted on low95

carbon steel. Coppieters et al. [13] performed extended experiments to charac-

terize the low carbon steel presented in this paper with special attention to the

plastic anisotropic of the material. The calibration procedure of the equivalent

model is briefly summarized in section 2. In section 3, the characterization of

the base material is discussed along with the benchmark experiments for cal-100
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ibration purposes. Section 4 gives an overview of all calibration models used

with the results presented in section 5.

2. Equivalent model calibration procedure

Breda et al. [11] presented the calibration process and methodology for the

equivalent clinch model. The key points of the calibration procedure, required105

for understanding the remainder of this paper, are briefly summarized in this

section. The equivalent modelling strategy for clinched joints consists out of two

main steps (Fig. 1). In a first step, two benchmark experiments are performed to

capture the behaviour of the joint under different load conditions. A H-tension

experiment is performed to capture the axial or pull-out behaviour of the joint110

while a shear lap experiment is used to capture the shear behaviour of the joint.

During these experiments, the base material and joint behaviour contribute to

the global force-displacement response of each specimen. In a second step, the

global behaviour of the benchmark experiments is reproduced by a numerical

procedure where the physical joint is replaced by an equivalent model. During115

the calibration procedure the local behaviour of the initially rigid equivalent

model is softened elastically and plastically, until the global behaviour matches

the experimental benchmark experimental results. In this way, the equivalent

joint model is calibrated and can be used for multi-joint applications [12].

120

Given the scope of this paper, it is important to understand the mechanical

representation of the equivalent joint model and the implementation of the local

mechanical behaviour. The model consists of 2 elements (Fig.2): a connector

with 6 degrees of freedom (d.o.f.) and a kinematic coupling which couples the

connector end nodes to the sheet elements. All 6 d.o.f. of the connector enable125

to introduce elastic and plastic properties. The rotational d.o.f. around the

local radial x and y axis are assumed to be fully rigid and the rotation around

the axial direction z as free because of the physical mechanical properties of the

clinch [11]. The mechanical behaviour of the 3 remaining translational d.o.f. is
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Figure 1: Equivalent modelling procedure
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u1,f1
EQUIVALENT ELEMENT

Figure 2: Equivalent model representation

calibrated using the numerical calibration procedure. For the considered joints130

in this paper, the radial behaviour, according to the x and y axis, can be assumed

identical because of the axi-symmetrical nature of the joint. In the remainder

of this paper this will be referred to as the shear behaviour (FS ,us) of the joint

model. The translational behaviour according to the z-axis is referred to as the

axial or normal behaviour of the joint model (FN ,uN ).135

Fig. 3 shows a schematic representation of the calibration process to cal-

ibrate the shear behaviour of the connector. The approach to calibrate the

normal direction of the joint is identical.

During the calibration process, the experimental force-displacement results

of two benchmark experiments (shear lap and H-tension test) are compared with140

the global results (f1,u1 and f3,u3) of numerical models of these experiments con-

taining the equivalent model for the clinch joint. The global force-displacement

response of the numerical model can be seen as a combination of two non-linear
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Figure 3: Plastic calibration step (shear direction): a. Global response b. Local connector
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springs. One will be the non-linear (elastic-plastic) response of the base mate-

rial and the other is the non-linear (elastic-plastic) response of the equivalent145

model (FN ,uN and FS ,uS) which is initially assumed to be rigid. During the

calibration process, the parameters of the equivalent model are softened in two

steps until the global response of the spring system matches the experimental

results. Firstly, the elastic stiffness DS and DN are determined for each load

direction. Secondly, a connector yield force (Fyield) and the uncoupled plastic150

equivalent hardening laws for the connector are obtained. Fyield is determined

by comparing the force values at fixed displacement values of the elastic simula-

tion results with the experimental test results. The yield point of the connector

(Fyield,uyield) is considered at the point at which divergence of the numerical

elastic response with the experimental results occurs (f sim.-f exp. ≥ 10N ). With155

the yield point determined, the experimental global plastic relation between the

force (f1 and f3) and plastic displacement (upl
1 and upl

2 ) can be obtained as can

be seen in Fig. 3. To transform this global behaviour to the local connector

hardening behaviour (FS ,upl
S and FN ,upl

N ) two scaling factors Ku,S and Ku,N are

determined for each of the load directions using following equations 1 and 2.160

For the shear direction:

FS =


DS · uS if FS < F yield

S

f(uplS ) = f(upl1 ·Ku,S) if FS > F yield
S

(1)

For the normal or axial direction:

FN =


DN · uN if FN < F yield

N

f(uplN ) = f(upl3 ·Ku,N ) if FN > F yield
S

(2)

These scaling factors alter the hardening rate of the connector element for

each load direction as can be seen in Fig.4. Convergence is reached as soon as

the model experimental maximum load point equals the numerical maximum165

load point with sufficient accuracy.

In this way, the 6 parameters (DS , DN , Fyield
S , Fyield

N ,Ku,S and Ku,N ) for
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the equivalent clinch model are obtained. The calibration routine merely mini-

mizes the discrepancy between experimental and computed global response by

modifying the parameters of the equivalent joint model. To do so, it relies on a170

FE model which incorporates a plane stress yield criterion assigned to the base

material which might be subjected to large plastic deformations. Additionally,

assumptions with respect to the boundary conditions have to be made. In case

of a H-type tension test, the bending operation for manufacturing the test spec-

imen can be included or ignored. These modelling choices might have an effect175

on the identified parameters of the equivalent model.

3. Material identification and joint properties

3.1. Material identification

As the plastic deformation of the base material during the benchmark experi-

ments potentially affects the calibration procedure, an accurate characterisation180

of the base material is essential. A deep-drawing-quality steel sheet was chosen

as base material in this study. The steel sheet has a nominal thickness of 1.2

mm. Standard tensile tests were conducted to determine the work hardening

properties, the maximum uniform strain εmax and the r-values under 0◦, 45◦,

and 90◦ with respect to the rolling direction (RD). The values can be found in185

Table 1. The test material was assumed to be elastically isotropic (average mea-

sured Young’s modulus = 233 GPa) and plastically orthotropic. Coppieters et

al. [13] characterized the plastic anisotropy of the test material. To this end, the

material was subjected to 7 linear stress paths in the first quadrant of the stress

space using two types of biaxial tensile tests. Kuwabara et al. [14] presented the190

biaxial tensile test to measure differential work hardening of steel sheet. Later,

Kuwabara et al. [15] presented the multi-axial tube expansion test to measure

this behaviour of steel sheet for large plastic deformations. Both experiments

were adopted to obtain the plastic material behaviour under multi-axial load

conditions of the base material used in this paper. Coppieters et al. [13] con-195

cluded that the shape of the yield locus for this steel remains constant as from
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Table 1: Swift’s hardening law
(
σ = K(ε0 + εpleq)n

)
fitted in a strain range from εpleq = 0.002

up to the maximum uniform strain εmax . The reported r -values are the measured values at

an engineering strain εeng=0.10 using gauge marks.

Tensile direction σ0.2 (MPa) K (MPa) ε0 n r εmax

RD (x) 153 564 0.0059 0.275 1.85 0.248

45◦ 161 558 0.0072 0.272 1.93 0.254

90◦ (y) 162 549 0.0080 0.272 2.82 0.259

Table 2: Calibrated Yld2000-2d parameters at a reference plastic strain εp0=0.24.

α1 α2 α3 α4 α5 α6 α7 α8 M

0.9394 1.1841 0.8872 0.8765 0.9333 0.8020 1.0462 1.0227 5.90

εp0,ref=0.03. Beyond that value, the plastic work contours are homothetic and

isotropic hardening is valid. Consequently, the yield function can be calibrated

at an arbitrary reference plastic strain in the range 0.03< εp0,ref ≤0.24. The

experimental data obtained by Coppieters et al. [13] was used to calibrate three200

selected plane stress yield functions: the von Mises [16] criterion, the Hill’48-r

[17] criterion and the Yld2000-2d anisotropic yield function [18]. Swift's strain

hardening law (Table 1) was used to describe the reference strain hardening in

the RD of the test material. The plane stress version of Hill's 48 yield criterion

was calibrated by using the r -values reported in Table 1. The anisotropic pa-205

rameters αi (i=1-8) of the Yld2000-2d yield function (Table 2) were calibrated

for a reference plastic strain εp0,ref equal to the maximum uniform strain, i.e.

εp0,ref=0.24. The calibrated normalised yield loci are shown in Fig. 5. Coppi-

eters et al. [13] found that the Yld2000-2d yield function, as opposed to the

von Mises and the r-based Hill48 yield criterion, could accurately reproduce the210

experimental data beyond a reference plastic strain of εp0,ref=0.03.
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a. b.

RD

Figure 6: a. Clinch joint section b. Shear lap specimen geometry with rolling direction (RD)

3.2. Joint properties

All specimens in this paper were joined using the non-cutting single stroke

clinch (NCSS) technique using a closed die with a diameter of 8 mm. The

large ductility of the low-carbon steel enables to produce a defect-free clinched215

joint as shown in Fig. 6 a. The diameter of the punch was 5 mm resulting

in a joint bottom thickness of 0.55 mm which creates an optimal interlock for

the used base material. The experimental joint properties for this work were

determined using two benchmark experiments (shear lap test and H-tension

test). All experiments were performed using a standard tensile machine with220

a capacity of 10kN and a cross-head speed of 1 mm/min. All specimens were

fabricated using water jet cutting.
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3.2.1. Shear lap experiments

To obtain the shear behaviour of the joint, a shear lap test was conducted as

originally proposed in [11]. An extensometer was used to measure the elongation225

of the specimen. The geometry of this specimen can be found in Fig. 6 b. The

results can be found in Fig. 7 a. During the experiment, plastic asymmetrical

secondary bending could be observed during the experiment (Fig. 8). This

effect results in rotation of the joint during loading which introduces a normal

load in the joint during the test and eventually leads to unbuttoning of the230

joint. As soon as the secondary bending occurs, the pure shear load condition

in the joint is no longer valid as a normal component will be introduced. To

avoid this, and capture the pure shear properties of the joint, an alternative

experiment using U-shear specimen (Fig. 9) was performed. The U-shape of

the specimen stiffens the base material which avoids secondary bending during235

the experiment. DIC was used to capture the elongation during the experiment

(Fig.10). The results of the U-shear test can be found in Fig. 11. The results

of U-shear 3 can be considered as an outlier and is discarded. The response of

U-shear 2 was used to calibrate the model parameters.

3.2.2. Pull-out experiments240

A H-tension test as proposed in [11] was used as benchmark experiment to

obtain the normal joint response for the calibration procedure. The H-tension

specimen, which consists of 2 U-shaped specimen (Fig. 12) folded prior to the

clinching process, was mounted in a fixture which is clamped inside a tensile

machine (Fig. 13 b.). The displacement of the fixture was captured using an245

extensometer. The results of the experiment, can be found in Fig. 13 a. The

results of H-tension 1 were used to calibrate the equivalent model.

4. Numerical models

The FE models used in the calibration procedure uses a 4-node shell el-

ement with reduced integration (S4R). All analyses are executed using the250

Abaqus/standard solver.
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Figure 8: Secondary bending
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Figure 9: U-shear lap specimen geometry with rolling direction (RD)
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Figure 10: U-shear lap experiment set-up: 1.Upper clamp 2.Lower clamp 3.U-shear specimen

4.Camera set-up
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Figure 12: H-tension specimen geometry with rolling direction (RD)
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Figure 14: Numerical calibration models: a. U-shear model b. H-tension model

4.1. Shear

An overview of the shear calibration model can be found in Fig.14 a. In

order to calibrate the shear behaviour, three selected yield functions were used

to model the base material. The first model (HS-1 ) uses the von Mises yield255

criterion, assuming isotropic plasticity. The second (HS-2 ) and the third (HS-

3 ) shear model adopt an anisotropic yield function, namely the Hill48-r yield

function and the Yld2000-2d yield function, respectively. The parameters of the

anisotropic yield functions can be found in section 3.1. These models were used

to obtain the calibration parameters for the shear behaviour of the equivalent260

model as presented in section 2.

4.2. Pull-out

Breda et al. [11] initially proposed the H-tension test to calibrate the axial

parameters for the equivalent model. The reduced doming effect during this
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type of test results in a higher normal strength of the joint compared to al-265

ternative pull-out tests favoured the choice to be used as a reference test for

calibrating the equivalent model. Although this method provided good results,

the residual stresses in the material due to the bending process, required for

manufacturing the H-type specimen prior to clinching, can affect the equivalent

model parameters. In analogy with section 4.1, three different yield functions270

were used for calibrating the axial behaviour of the equivalent joint model. The

folded geometry was initially applied for model set PU-1, PU-2 and PU-3. For

these models, the residual material state was ignored, and the virgin material

state was applied prior to the calibration step.

A numerical simulation of the bending process was performed for models PU-275

4, -5 and -6. As such, these models incorporate the residual stress state after

bending the base material. This process consisted of 4 modelling steps which can

be seen in Fig. 15: (a) first bending step and spring back, (b) second bending

step and spring back, (c) re-orientation prior to equivalent model application,

and (d) calibration step. As a result, a U-shaped specimen containing the280

residual stresses of the bending process was obtained.

A visualisation of the H-tension calibration models can be found in Fig. 14

b. As the specimen was mounted inside a clamping device, only the bolted

regions were constrained during the simulation.

5. Results and discussion285

The purpose of this work is to evaluate the effect of plastic anisotropy of

the base material on the elastic and plastic calibration of an equivalent joint

model for clinched connections. The main findings should help to improve the

accuracy of equivalent modelling strategies. The results are discussed in this

section for each load direction (shear and normal/axial).290

5.1. Shear behaviour

The resulting shear calibration parameters for all yield functions can be

found in Table 3. It can be seen that all the obtained calibration parameters

24
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Figure 15: Simulation of the bending process prior to mechanical testing: a) First fold b)

Second fold c) Reposition d) Calibration
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Table 3: Calibration parameters shear lap test

Model Radius (mm) Yield function DS (N/mm) Fyield
S (N) Ku,S

HS-1 4 von Mises 80000 730 0.58

HS-2 4 Hill48-r 80000 730 0.58

HS-3 4 Yld2000-2d 80000 730 0.58

(elastic and plastic) are identical. For this type of joint, it can be concluded

that the incorporation of an anisotropic yield function does not affect the elastic-295

plastic shear calibration parameters. The reason for this is twofold. Firstly, due

to the folding of the sides, the U-shear specimen is stiffened which reduces

plastic deformation of the base material confining the plastic deformation to

the (proximity of the) clinched joint. Secondly, after elastic calibration of the

equivalent model, the numerical response of the model is independent of the300

chosen yield function as can be observed in Fig. 16. At relatively high forces,

very small deviations of the numerical elastic response start to occur due to

plastification of the anisotropic base material. The latter observation occurs

well above the maximum experimental force, hence irrelevant for the calibration

process. Nevertheless, to limit the plastic deformation of the base material, it305

is recommended to use a U-shaped shear specimen for calibration purposes. In

this way, anisotropy of the base material can be safely ignored when calibrating

the shear behaviour of the equivalent joint model.

5.2. Normal or axial behaviour

The obtained normal or axial calibration parameters for each pull-out model310

are summarized in Table 4. Furthermore, the relative error for each resulting

calibration parameters set, compared to the benchmark simulation PU-6, is

shown. As opposed to the shear behaviour, it can be interfered that the plastic

anisotropy of the base material affects the axial behaviour of the equivalent joint

model. Firstly, it can be concluded that the residual material state has an effect315

on the obtained elastic stiffness calibration parameter while the adopted mate-
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Table 4: Calibration parameters pull-out test with relative error

Model Radius (mm) Yield function Initial material state DN (N/mm) Fyield
N (N) Ku,N

PU-1 4 von Mises no 3400 (25.9%) 375 (38.4%) 0.035 (77.4%)

PU-2 4 Hill48-r no 3400 (25.9%) 229 (15.5%) 0.11 (29%)

PU-3 4 Yld2000-2d no 3400 (25.9%) 251 (7.4%) 0.08 (48.4%)

PU-4 4 von Mises yes 2700 (0%) 465 (71.6%) 0.13 (16.1%)

PU-5 4 Hill48-r yes 2700 (0%) 256 (5.5%) 0.18 (16.1%)

PU-6 4 Yld2000-2d yes 2700 (reference value) 271 (reference value) 0.155 (reference value)
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Figure 17: Normalised biaxial stress states in the upper sheet (red rectangular) during the

H-tension simulation with rigid connector (maximum elongation). The von Mises criterion

was adopted.

rial model has no significant influence on the obtained elastic stiffness calibration

parameter DN . Indeed, the local strain hardening due to the bending operation

increases the stiffness of the H-specimen where the clinch joint is located dur-

ing mechanical loading. Ignoring this effect during the elastic calibration will320

result in a substantial higher normal stiffness of the connector (25.9%). It must

be noted that this error has a limited effect on the global force-displacement

curve when probing a single joint. However, it is important to understand that

this error accumulates when a large amount of equivalent models are present in

a structure. In the latter case, it is recommended to account for the residual325

material state in the calibration procedure of the equivalent model.

In section 2 is shown that the plastic equivalent hardening law, which in-
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cludes scaling factor Ku,N , is dependant of the determined connector yield point

(Fyield
N ,uyield

N ). In turn, the connector yield point will affect the plastic calibra-330

tion of the equivalent joint model. From Table 4 it can indeed be interfered that

the plastic calibration parameters are influenced by the adopted yield function

as well as the residual material state. The influence of the adopted yield function

can be explained by the plastic deformation of the base material surrounding

the equivalent model during the H-tension simulation prior to calibration. Fig.335

17 shows the normalised stress states that occurs in the upper sheet during the

initial H-tension simulation with a rigid connector. It can be seen that the sur-

rounding base material is subjected to biaxial tension (lower sheet surface) and

compression (upper sheet surface). Given the presence of these biaxial stress

states associated with the plastification of the base material, the calibration340

accuracy of the plastic parameters of the equivalent model is determined by the

accuracy of the adopted yield function. Indeed, the deficiency of the von Mises

yield criterion for accurately modelling the plastic response of the base mate-

rial, is compensated with a higher yield force of the connector and an increased

hardening rate (i.e. a low Ku,N value). This can be explained by the under-345

estimation of the von Mises yield criterion to predict yielding in pure biaxial

tension/compression of the anisotropic base material considered in this paper

(Fig. 5). Assessment of the relative errors show that Hill’s 48 yield criterion

significantly improves the calibration accuracy of the equivalent joint model.

The latter suggests that Hill’s 48 yield function captures plastic yielding more350

accurately than the von Mises yield criterion. For a reference plastic strain of

εp0,ref=0.24, it can indeed be inferred from Fig. 5 that Hill’s 48 yield function

is in better agreement with the reference Yld2000-2d yield function compared

to the von Mises criterion.

The influence of the residual stress state on the plastic calibration is a result355

of the identified elastic stiffness. A lower axial connector elastic stiffness will

lead to a higher yield force and lower axial scaling factor Ku,N (i.e. a decreased

hardening rate). To mitigate this effect, an alternative calibration sample such

as a cross tension sample [11] is recommended to calibrate plastic equivalent
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behaviour of the normal or axial direction of the joint.360

The consequence for a design engineer ignoring plastic anisotropy and resid-

ual stresses during the calibration procedure, could lead to an over- or under-

estimation of the sheet deformation when applying the equivalent model for

structural analysis. For the material studied in this paper, the von Mises cri-365

terion would not give acceptable calibration parameters for structural analysis

and would result in relatively large errors. This is exemplified by Fig. 18 where

the response of a H-tension experiment was predicted using: i) equivalent model

parameters, calibrated using a von Mises calibration model (PU-1 ) ii) base ma-

terial model accounting for the Yld2000-2D yield function with included residual370

material state (PU-6 ). The latter resulted in a global overestimation of the me-

chanical response by the numerical model. The findings discussed in this section

are valid for conventional NCSS clinch joints applied to low carbon steel. Future

work can focus on the effect of plastic anisotropy when novel clinch techniques

are used, such as hole clinching [19, 20]. Furthermore, an upper bound for the375

degree of plastic anisotropy guaranteeing a reliable calibration of the equivalent

model or introducing a correction factor to include the effect of residual stresses

can be investigated in future work.

6. Conclusion

To improve the simulation accuracy of an equivalent clinch model, the effect380

of plastic anisotropy of the base material on the calibration procedure of the

equivalent model was investigated. Two benchmark experiments were used to

calibrate an equivalent clinch model. A H-tension test was applied to obtain the

axial or normal parameters of the model. A U-shear lap specimen was adopted

to obtain the pure shear behaviour of the joint by avoiding secondary bending385

of the steel sheet. The effect of the adopted anisotropic yield function and the

relevance of considering the residual material state on the calibration accuracy

of the equivalent model was scrutinized. Following conclusions are drawn for
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the base material used in this paper:

390

1) In order to avoid secondary bending, a U-shear specimen can be applied

to obtain the pure shear properties of the joint. During the calibration pro-

cess, potential plastic anisotropy can be ignored to obtain an accurate shear

behaviour of the equivalent joint model. The von Mises yield function can be

safely used to obtain accurate shear parameters of the equivalent model thereby395

reducing the experimental effort associated with the calibration of the equiva-

lent model.

2) The residual material state has a direct effect on the calibration of the axial

stiffness parameters and an indirect effect on the determination of the connector400

plastic yield point. Accurate calibration of the axial plastic behaviour of the

equivalent joint model requires to consider plastic anisotropy. The selection of

the anisotropic yield function affects the accuracy of the determined yield point

and scaling factor due to biaxial stress states which occur in the proximity of

the equivalent model during the axial calibration procedure. Ignoring plastic405

anisotropy can lead to inaccurate axial calibration parameters and large errors.

This can result in over- or underestimating the sheet deformation in a clinch

assembly.

410

Both findings can help design engineers to improve the accuracy of current

and future equivalent models. In this way, the prediction of the mechanical

response for structures containing a large number of joints can be improved.
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