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The paper presents a new joining process for mixed joints of metallic and non-metallic materials. The process bases on a self-flaring rivet, which lances the joining partners and, due to its geometry, produces an interlock. In contrast to conventional self-piercing processes such as self-pierce riveting with semi-tubular rivets (SPR), the new process does not require a special shaped die as counter tool. The development of the rivet geometry is carried out with the aid of FEM analyses in SFTC Deform-3D. Design of experiments (DoE) is used to find a suitable rivet geometry that is stable enough to lance high-strength steel. However, the rivet element must be flaring to produce an interlock. The challenges and solution approaches associated with the modelling of material damage and separation in the three-dimensional calculation models of the riveting process are presented. The consideration of macromechanical and geometrical criteria for element deletion is important in order to obtain robust models with useful results. The validation of the model is done by comparing the simulation results with experimental data.

Introduction

Modern lightweight construction concepts require existing technical solutions for joining the various material combinations. Different metallic and increasingly non-metallic materials have to be joined. In this case, the application of welding processes is very limited. Instead, joining by forming is suitable for the mixed construction of steel and aluminum as well as of metallic materials with plastics [START_REF] Groche | Joining by forming-A review on joint mechanisms, applications and future trends[END_REF]. In order to improve the properties of joined structures under crash load, the process combination of adhesive bonding and mechanical joining (hybrid joining) is often used [START_REF] Moroni | Technology of Rivet: Adhesive Joints[END_REF].

Mechanical joining in the sense of the fixing method [START_REF]DVS/EFB-Merkblatt 3450-1: Hybridfügen -Clinchkleben -Stanznietkleben -Überblick[END_REF] ensures the handling strength of the parts to be joined until the adhesive layer has cured. In the automotive sector, clinching and self-pierce riveting (SPR) are very important joining processes for hybrid joining with adhesive bonding. Both mechanical joining techniques need access to the joint on both sides. Other technologies, such as blind riveting, require preholes in both parts to be joined.

The choice of mechanical joining methods that can be used in case of one-sided accessibility without pre-hole is limited. The need for new, adapted joining methods is derived from this.

The aim is the development of a new mechanical joining process, which allows joining metallic parts, also in combination with plastics. Hybrid joining in combination with adhesive is the main focus. For this reason, the primary objective is not to achieve maximum strength of the mechanical connector. Instead, the process should have a high degree of flexibility with regard to the combination of parts to be joined and the joining forces should be lower than those of conventional joining processes. This, in turn, can contribute to the fact that the system technology can work either completely without or at least with very simple counter tools. The requirements for the alignment between rivet and counter tool should be small, which reduces the stiffness requirements for C-frames and thus their weight. Ultimately, this should reduce the system and cost expenditure for the application of the process.

Principle of the new joining process

State of the art in conventional riveting processes

According to the state of the art, the new riveting process presented in this paper can be classified as close to SPR (Fig. 1). This is used industrially both in elementary applications and in combination with bonding as hybrid process [START_REF] Moroni | Technology of Rivet: Adhesive Joints[END_REF].

A prerequisite for its application is that the joining location is accessible from both sides so that a die can be positioned opposite the rivet. The inner shape of the die has a geometry adapted to the joining tasks. It must be aligned coaxially to the rivet with high accuracy in order to produce high-quality joints. The joining forces are absorbed on the die side, thus preventing deformation of the surrounding structure. The use of conventional SPR process is limited to certain combinations of component thickness and the strength of the materials to be joined [START_REF]DVS/EFB-Merkblatt 3410: Stanznieten -Überblick[END_REF]. Research results in [START_REF] Neugebauer | Anwendungsuntersuchung zum Impulsfügen mit Halbhohlstanzniet[END_REF] show the potential for a more flexible use of the self-pierce riveting process by joining against flat counter tools by means of increased setting speed. In this process variant, the complex die geometry that is contoured depending on the components materials and thicknesses can be replaced by a simple flat surface. This reduces the demands on the tool alignment, so that the positioning of the counter tool is also possible without using a closed C-frame. However, a counter tool positioned directly below the joint cannot be dispensed with in this way, so that access from both sides remains necessary.

Other studies show potential for joining with one-sided accessibility by joining elements with nail-like tip geometry at high speed [START_REF] Hahn | Einseitiges Fügen von Blech-Profil-Konstruktionen mit lösbaren und nicht lösbaren Hilfsfügeelementen[END_REF]. First practical applications in the automotive sector, also in combination with adhesive bonding, confirm this new development direction of high-speed joining, from which potential for other joining processes, such as the self-flaring riveting proposed here, can be derived.

Process characteristics of the new riveting process

The new riveting process with self-flaring rivet (Fig. 2.a) shows significant differences to semi-tubular self-piercing riveting (Fig. 1), resulting in an extended range of applications and specific application advantages. The SPR rivet has a closed, semi-tubular shape on the outer surface. The new, selfflaring rivet is characterized by three mandrels arranged radially to each other (Fig. 2.b). The mandrels puncture the components to be joined at three points and expand radially due to the special mandrel geometry, resulting in a form-fit connection (Fig. 2.c and Fig. 2

.d).

In contrast to conventional SPR, the rivet length plays a subordinate role, provided that the penetration of both joining partners is permitted. The new rivet geometry can therefore be used universally, even if the overall thickness of the parts to be joined changes. A further difference between self-flaring riveting and the conventional SPR process is the tool concept, which does not include a die with individual inner shape. The joint is achieved only by the properties of the rivet. The rivet mandrels are flaring on the bottom of the joint without coming into contact with a die.

Due to the comparatively small volume of the rivet mandrels which penetrate the parts to be joined, the joining forces are significantly lower compared to known SPR processes. This makes it possible to carry out the process completely without a counter tool and to join closed profiles, for example. In this case of application, increased setting speeds can be advantageous, similar to other joining processes.

Depending on the thickness of the joining part, its strength and constructive boundary conditions, such as distances to bend-resistant component edges, a counter tool can be required. It is used for local support of the parts to be joined to avoid undesired plastic deformations if the component stiffness is not high enough. Compared to SPR, the requirement for its alignment to the rivet is low and the risk of production errors can thus be reduced.

FE model of the joining process

Objective of the process simulation

The joining process is based on piercing the joining partners by means of the three rivet mandrels, which must have sufficient stability to prevent buckling. On the other hand, flaring of the mandrels is necessary in order to increase the joint strength especially in the cross tension direction. A high stability of the mandrels to prevent buckling can reduce this flaring behavior. By means of a simulation based parameter study, a suitable rivet geometry has to be found which can fulfill these two competing objectives.

The focus here is on joints in which steel sheets with high strength are positioned at the bottom, whereas an aluminum sheet is positioned at the top. The flow curves (Fig. 3) of the investigated sheet metal materials were determined in stack compression tests. 

Lancing test

The rivet has no rotational symmetry, which requires the choice of a three-dimensional model with volume elements. The modeling of the penetration of the joining partners is complex and makes high demands on the stability of the FE model, especially with regard to the local rupturing of the sheet metal layers. Therefore, in the first step a simplified experimental setup is chosen, which allows the acquisition of experimental data for a comparison with the simulation model. In this lancing test, a small tool is used to penetrate a clamped single sheet (Fig. 4). The punch dimensions and edge radii are oriented to the later target geometry of a single rivet mandrel.

The FE-model in SFTC Deform 3D V11.2 represents a 30° model section. The aim of this test setup is the basic validation of the simulation model, which subsequently is to simulate the joining process. The verification is carried out by comparing simulated with experimentally recorded force-displacement curves. In addition, the model is intended to be used to determine the threshold values for the damage model.

The model of this lancing test and the comparison between simulated and experimental curves are shown in Fig. 4. The force-displacement curve of the experiment is characterized by an increasing force due to local deformation and the resulting material hardening. In the further course of the curve the values decrease due to the local thinning and damage of the sheet metal underneath the punch. Using a DP600 steel sheet as an example, the results in Fig. 4 show good agreement between the FEM and experimental curve. The threshold damage value occurring in the range of the maximum punch force was determined in the simulation (Fig. 4). In order to be able to assign this characteristic point in the curve to the actual beginning of the material failure, cross sections were carried out in the experiment very close before and immediately after reaching the maximum force. The shown microsections in Fig. 4. (detail A and B) confirm the occurrence of the crack in the sheet metal immediately after reaching the maximum punching force.

The threshold value for the Cockroft & Latham model determined in this way for the DP600 steel is around Wc = 800 MPa. This is consistent with other work to determine the damage parameter for these steel alloys [START_REF] Björklund | Failure of high strength steel sheets: Experiments and modelling[END_REF]. Applying the Freudenthal model, a threshold of about 2300 was determined.

Modelling of the joining process

Since a large number of simulations have to be carried out for the parameter study, the simulation model for the joining process must be as stable as possible without user interaction. This requires an adapted strategy with regard to piercing the upper and lower joining part. For the aluminum sheet positioned at the top, a strategy is used that has already been successfully applied in the calculation of semi-tubular selfpiercing riveting of ductile materials with 2D-FE-models [START_REF] Hahn | Numerische Simulation des Fügeprozesses beim Stanznieten mit Halbhohlniet von duktilen Blechwerkstoffen[END_REF]. The deletion of the elements is activated as soon as a critical sheet thickness is reached at the tip of the rivet. In the 3D-Model of the self-flaring rivet, it has proved to be suitable to perform the element deletion by a Boolean operation. If a thickness below 0.2 mm is reached, the rivet is displaced downwards by 0.5 mm in the axial direction and then the volume in the aluminum sheet covered by the rivet is removed. Subsequently a remeshing of the resulting geometry is performed. The rivet is returned to its original position and the calculation continues. This method limits the volume loss in the upper sheet metal and creates a smooth surface that enables a robust simulation.

In the bottom steel sheet, the modeling of the element damage is based on a macromechanical criterion. The threshold values for the damage modelling according to the Cockroft Latham and Freudenthal models determined in the lancing test were transferred to the simulation of the joining process (Fig. 5). To consider the effect of material damage throughout the calculation, softening to 20 % of the local yield stress is activated as soon as the critical damage value is exceeded over all simulation steps. As shown in Fig. 5, applying the damage parameters determined in the lancing test to the Cockroft & Latham model leads to a large loss of elements on the bottom of the joint by the end of the simulation. In addition, the stability of the joining simulation decreases strongly after the start of element deletion. A better result can be achieved by applying the Freudenthal criterion, which is therefore used for the parameter study. The model of the entire joining process is shown in Fig. 6. The comparison of the joining result in Fig. 6 shows a good agreement between FE model and the microsection. The forcedisplacement curve of the joining process also shows a good agreement.

The continuous curve is interrupted by the start of element deletion in the upper and lower sheet. The force maximum in the FE-model is approximately 10 % lower compared to the experimental value. Approaches for a further improvement of the model quality could be found in the methods of flow curve determination and in the modelling of material damage and fracture. However, the suitability of the model for the parameter study is sufficient. A rivet mandrel is enclosed by two intersecting arcs. The outer arcs of the three mandrels lie on a common outer circle. The intersection points, angles and radii enclosing the crosssection are shown in Fig. 7. The geometry is based on SPR rivets initially produced as prototypes. The rivets were processed by wire eroding, so that three rivet mandrels with a special tip geometry were created. The economic production of such rivet elements is usually only possible by cold forming, such as extrusion. These results in certain minimum and maximum dimensions, e.g. for radii. Considering these boundary conditions, the geometry model is parameterized and thus served as an input variable for the study.

Basic rivet geometry for the parameter study

Design of Experiments

To carry out a simulation-based study on the influence of the rivet geometry on the joint formation, the values and variation ranges shown in Table 1 are selected as input variables.

The study is designed with the input parameters given in Table 1. The distribution of the parameter combinations of the rivet geometry is carried out according to the Advanced Latin Hypercube method. In comparison to the full factorial approach, where, for example, 343 samples would be required for seven values each for A, L and α, the number of samples is reduced to 50.

Considering three steel sheet grades DP600, DP800 and DP1000, the study is carried out using a total of 150 calculated joining processes. Two main criteria are suitable as indicators for the achievement of a acceptable connection. The compression or buckling of the rivet is classified as a fault, since subsequent flaring to create the joint is not possible. This undesired behaviour of the rivet can be observed when a rivet length of less than 4.8 mm is reached at the end of the joining process.

Results

Sensitivity analyses are used in order to proof the influence of geometrical parameter on different output values. In actual projects, e.g. SPR the applicability and the appropriate prediction of these analyses are shown [START_REF] Falk | Process optimization for flexible self-pierce riveting of multi-material structures[END_REF]. With respect to the flaring of the rivet, Fig. 8 shows the importance of the input parameters α, A and L. In addition to the flaring, the length of the rivet at the end of the process is another output value that indicates undesired buckeling or compression and should therefore be part of the rivet development. These conflicting outputs have to fulfill defined requirements, in order to get proper joints.

As far as the length of chamfer L has the main influence on the flaring of the rivet, three different values (0.5 mm, 0.7 mm and 0.9 mm) are investigated. Fig. 9.a with L = 0.5 mm shows the isolines of the best metamodels DP600, DP800 and DP1000. The flaring should be at least 0.3 mm, the length of the rivet at the end of the process has to be greater 4.8 mm. The white areas are the parameter configurations, that fulfill the critical value for all three steel grades. For example A = 2.4 mm² in combination with α = 60° leads to a flaring larger than 0.3 mm. But with this setting the length of the rivet does not reach the critical value. As it can be seen there are no overlapping areas for these output parameters (L = 0.5 mm).

In Fig. 9.b with L = 0.7 mm a small target area exists, where both, flaring and length of the rivet reach the defined values. On base of the metamodels, for example A = 3.2 mm² and α = 58° will result a proper joint. For L = 0.9 mm a larger compromise region exists (Fig. 9.c). However, from a production engineering aspect, this dimension for the chamfer cannot be guaranteed. Therefore the solution found for L = 0.7 mm is preferred.

Summary

A three-dimensional simulation model was developed to describe a new process for mechanical joining. The damage and separation in the material contained in the model was realized by means of calibrated threshold values in the steel sheet on the bottom side. The comparison of two damage models shows that the Freudenthal criterion can be used to avoid an undesired loss of material volume and to achieve a more stable behavior of the simulation model. The aluminium sheet located on the upper side of the joint can be separated assuming a geometrical damage criterion.

On the basis of the parameter study, a self-flaring rivet geometry can be derived which allows joining of mixed joints of aluminum sheets with high-strength steel sheets. The focus is on achieving a minimum flaring of the rivet mandrels of 0.3 mm in order to achieve a sufficient form fit of the joint. The undesirable compression of the rivet does not occur from a rivet mandrel cross-sectional area of approx. 3.2 mm². The angle alpha should be at least 58°. It can be shown that the length of the chamfer in particular can increase the form closure of the joint. On the basis of this parameter study, the next step is to manufacture the rivet by extrusion.
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 1 Fig. 1. Principle of Self-piercing riveting with semi-tubular rivet (SPR)
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 2 Fig. 2. (a) process scheme; (b) prototype rivet, manufactured by wire eroding; (c) joined profile, no need for counter tool; (d) bottom side.
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 3 Fig. 3. Flow curves of sheet metals to be joined.
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 4 Fig. 4. Lancing test (FEM vs. experimental data; DP600; t = 1.25 mm).
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 5 Fig. 5. Modeling of damage and element deletion during joining process; left: Cockroft & Latham, right: Freudenthal.
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 6 Fig. 6. Validation of the FE model of the joining process (EN AW-5182 / t = 1.5 mm + DP600 / t = 1.25 mm)
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 7 Fig. 7. shows the basic geometry of the rivet. It consists of head area, shank area with the mandrels and tip geometry. The shank area and tip geometry are the focus of the parameter study, as they are decisive for the basic function of the rivet.A rivet mandrel is enclosed by two intersecting arcs. The outer arcs of the three mandrels lie on a common outer circle. The intersection points, angles and radii enclosing the crosssection are shown in Fig.7.
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 7 Fig. 7. Basic geometry of rivet.
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 1 Parameters for the study.

Fig. 8 .

 8 Fig. 8. Parameter influences on flaring of the rivet. Compared to A and L the influence of α is less pronounced. With the focus on DP600 and DP800 the length of the chamfer and the cross-sectional area of the rivet mandrel are on similar levels. Only for DP1000 a variation of L causes a significant change in the flaring of the rivet. The correlations between the geometry parameters and the joining results determined in the simulation are summarized in three combined metamodels (DP600, DP800 and DP1000) and graphically shown in Fig. 9. The results for three fixed values of chamfer length L are shown in sections a, b and c.
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 9 Fig. 9. Combinated metamodels of all three steel grades with critical values (isolines); (a) L = 0.5 mm, (b) L = 0.7 mm, (c) = 0.9 mm.
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