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Nomenclature

A

damage initiation strain at 0.33 stress triaxiality effective plastic displacement at failure

A

Introduction

For the sake of the decrease of greenhouse gas emission, the lightening of the automotive body in white (BIW) is part of the solution. To do so, new 5 steels are developed with higher mechanical strength and thus a decrease of the amount of material needed for a given component. This allows to re-think the overall design of the BIW with optimized steel grades in each component of the structure and naturally leads to assemblies of different steels. What should be optimized in this context is not only the steel used in a particular component, but more importantly the mechanical response of the structure. Usually, the welds constitute potential weak points of the structure because of local alterations of microstructure and mechanical properties with respect to the base metals. Significant transformations occur within a few seconds in the weld pool and in its vicinity, from melting to solidification and solid phase transformations, tempering, grain growth, etc... This problem can become extremely complex when welding steels with very different chemical compositions [START_REF] Spena | Dissimilar Resistance Spot Welding of Q&P and TWIP Steel Sheets[END_REF].

Resistance spot welding is the main joining process in the automotive industry. Predicting the mechanical response of spot welds is critical in the development of new steels and the problem is considered already in the early steps of steel design. The cross tension and tensile shear tests [START_REF] Nishi | Evaluation of spot weldability of high-strength sheet steels for automobile use[END_REF], widely performed for the assessment of spot welds, generate complex stress states in the vicinity of the weld. Added to the local microstructural transformations, this complicates the prediction of the weld mechanical behavior. Two different outputs are usually considered from these tests: the peak load and the fracture mode. In the latter case, fracture paths passing through the faying surface in the weld nugget (full interfacial fracture, FIF) are usually unwanted. Expensive experimental campaigns breaking hundreds of welds have been the only way to assure the absence of interfacial fracture for several decades. However, this method is time consuming and does not permit to take the weld response into account in the early stages of steel design.

As a consequence, models to predict the behavior of spot welds have been developed for about forty years. Simple analytical expressions have been proposed

to predict the peak load (either in cross tension [START_REF] Smith | Sizing of spot welds by elastic/plastic analysis[END_REF][START_REF] Chao | Failure mode of spot welds: interfacial versus pullout[END_REF][START_REF] Kuo | Weldability study of resistance spot welds and minimum weld button size methodology development for dp steel[END_REF][START_REF] Sun | Effects of fusion zone size on strength and failure modes of advanced high-strength steel spot welds[END_REF] or tensile shear [START_REF] Sakuma | Factors to Determine Static Strengths of Spotweld for High Strength Steel Sheets and Developments of High-strength 26 Steel Sheets with Strong and Stable Welding Characteristics[END_REF][START_REF] Pouranvari | Effect of weld nugget size on overload failure mode of resistance spot welds[END_REF][START_REF] Pouranvari | Understanding the factors controlling the interfacial failure strength of advanced high-strength steel resistance spot welds: hardness vs. fracture toughness[END_REF]), in relation with the local shear strength or toughness in the weld zones and the geometrical parameters of the welds. For example, Chao [START_REF] Chao | Failure mode of spot welds: interfacial versus pullout[END_REF] expresses the critical load for interfacial failure in cross tension as P F IF = 1.25 • K Ic • d n 5/2 /t, while the corresponding load for button pullout (BPO) writes

P BP O = τ HAZ • d n • t.
In these expressions, d n and t are the weld nugget diameter and sheet thickness, K Ic is the weld nugget fracture toughness and τ HAZ is the heat affected zone (HAZ) shear strength.

However, such simple models are suffering from two types of limitations.

Firstly, they are usually not able to predict actual crack paths, but only assumed places where stress concentrations occur. This means that the location of crack initiation may be foretold, but the crack propagation path in the weld (and thus the final failure type) is clearly out of scope. The second limitation concerns the type of steels investigated. Indeed, these simple models usually give fair estimations of the peak load only when the steels considered do not present too complex metallurgical features. It means that the presence of multiple heat affected zones with large changes in mechanical response are not taken into account.

The second generation of models are using the finite element method to get a better overview of the stress states in the vicinity of welds [START_REF] Deng | Three-dimensional finite element analysis of the mechanical behavior of spot welds[END_REF][START_REF] Adib | Three-Dimensional Finite Element Analysis of Tensile-Shear Spot-Welded Joints in Tensile and Compressive Loading Conditions[END_REF][START_REF] Xu | Failure analysis for resistance spot welding in lap-shear specimens[END_REF][START_REF] Nielsen | Numerical methods in simulation of resistance welding[END_REF] but also of local stress concentrations [START_REF] Bouafia | Analyse par éléments finis du comportement en rupture des structures assemblées par soudage par points[END_REF][START_REF] Sadasue | Fracture behaviour and numerical study of resistance spot welded joints in high-strength steel sheet[END_REF]. At the same time, some studies began to use the discretization of the different zones of the welds to get a full picture of their mechanical behavior [START_REF] Yang | Integrated computational model to predict mechanical behaviour of spot weld[END_REF][START_REF] Dancette | Experimental and modeling investigation of the failure resistance of Advanced High Strength Steels spot welds[END_REF]. Later, this type of models were improved by introducing failure criteria [START_REF] Dancette | A finite element model for the prediction of Advanced High Strength Steel spot welds fracture[END_REF][START_REF] Song | Failure characterization of spot welds under combined axialshear loading conditions[END_REF][START_REF] Chung | Practical failure analysis of resistance spot welded advanced high-strength steel sheets[END_REF][START_REF] Pandya | Fracture response of resistance spot welded dual phase steel sheets: Experiments and modeling[END_REF][START_REF] Rezayat | Correlation of Local Constitutive Properties to Global Mechanical Performance of Advanced High-Strength Steel Spot Welds[END_REF] based on critical strains or stresses. Other approaches using more physical damage models such as Gurson or Gologanu ones were introduced in weld simulations [START_REF] Nielsen | 3D modelling of plug failure in resistance spot welded shearlab specimens (DP600-steel)[END_REF][START_REF] Nielsen | Predicting failure response of spot welded joints using recent extensions to the Gurson model[END_REF]. These physical models give a good understanding of the mechanical behavior of the welds and of the way fracture occurs. However, two major drawbacks can be underlined: i) They are very well adapted for predicting ductile fracture in the heat affected zone (button pullout) but are not as effective when brittle fracture at the interface is considered. ii) Moreover, these damage models accurately capture the mechanical phenomena taking place during the deformation of the weld, but they need a lot of material data, often difficult to obtain (such as the initial fraction of voids in a given weld zone). As a consequence, these physical models are, up to now, reserved to academic approaches. In order to tackle the first drawback, cohesive zones were used in the 2000s [START_REF] Cavalli | Cohesive-zone modelling of the deformation and fracture of spot-welded joints[END_REF]. They permit to predict unstable fracture in the weld nugget. The authors proposed this approach in the case of TRIP steels [START_REF] Dancette | A finite element model for the prediction of Advanced High Strength Steel spot welds fracture[END_REF][START_REF] Dancette | Comportement mécanique des soudures par points : mécanismes et stratégies de prédiction dans le cas des tôles en acier pour automobile[END_REF]. In these studies, the model is able to reproduce the competition between quasi-brittle interfacial fracture in the weld nugget and button pullout (ductile fracture). However, all of these studies focused on homogeneous welding where the two sheets of the assembly were made of the same material. In the past years, the topic of heterogeneous welding has been taken into account. Long et al. [START_REF] Long | Effect of holding time on microstructure and mechanical properties of resistance spot welds between low carbon steel and advanced high strength steel[END_REF] proposed a model able to predict the elasto-plastic behavior of such welds but without any damage criterion on welds made of two steels. Burget and Sommer [START_REF] Burget | Modeling of deformation and failure behavior of dissimilar resistance spot welded joints under shear, axial and combined loading conditions[END_REF] have introduced a Gologanu type law for the modeling of damage in an heterogenous weld made of 22MnB5 and HC340LAD steels. The model was shown to predict quite accurately the peak load but not the fracture mode. Paveebunvipak and Uthaisangsuk [START_REF] Paveebunvipak | Microstructure based modeling of deformation and failure of spot-welded advanced high strength steels sheets[END_REF] or Noh et al. [START_REF] Noh | Simple and effective failure analysis of dissimilar resistance spot welded advanced high strength steel sheets[END_REF][START_REF] Noh | Influence of dynamic loading on failure behavior of spot welded automotive steel sheets[END_REF] proposed models based on stress triaxiality-dependent failure strain to simulate fracture in dissimilar resistance spot welds of several automotive steels under different types of loading. However, they did not investigate the transition in failure types (from interfacial failure to different types of button pullouts) that may occur in a given configuration with slight variations of the weld diameter (as a result of welding current intensity) or sample dimensions for example.

Based on this literature review, we can clearly see that there is a need for a model to predict the peak load and the failure type in heterogeneous welds. 

Experimental procedures

Materials. The materials used for this study, a dual phase DP600 steel and a Usibor1500 martensitic steel (cold pressed from the austenitic state), were provided by ArcelorMittal in the shape of thin sheets with two different thicknesses (1.2 and 2.0 mm). The chemical composition of the steels is provided in Table 1. 125 × 38 mm coupons were cut in the steel sheets for resistance spot welding and subsequent mechanical tests described in the following.

Welding. Four welding configurations were used in this study as illustrated in Figure 1. The first ones are labeled as "Similar thickness" since both steels sheets present the same thickness (either 1.2 or 2.0mm). The last ones are labeled as "Dissimilar thickness" since the two sheets present different thicknesses in these configurations. Note that all configurations are heterogeneous in terms of steel grades and that all representations of the configurations in the following will depict the Usibor1500 steel on top. For each configuration, the welding range was investigated complying with the ISO 18278-2 standard [START_REF]Resistance welding weldability part 2: Evaluation procedures for weldability in spot welding[END_REF] using a Schlatter Selecta P2 (AC mode) machine. Then the welding current was varied for each configuration in order to obtain welds in the upper, middle and lower end of the welding range. This permits to evaluate the impact of the weld diameter on the overall mechanical response of the welds.

Metallography. In order to evaluate the different heat affected zones, usual metallographic analysis was performed. To do so, the samples were cut perpendicular to the weld, polished and chemically etched to reveal the different zones of Figure 2: Hardness profile across a dissimilar Usibor1500 2.0mm / DP600 1.2mm weld. Further details of the materials microstructures can be found in reference [START_REF] Huin | Investigation of the failure of advanced high strength steels heterogeneous spot welds[END_REF].

the spot welds (base metal, BM, heat affected zones, HAZ, weld nugget or fusion zone, FZ). Two different etchants were used : picric acid solution to reveal the former austenite grain boundaries and Nital 3% to observe ferrite grains and martensite. The base metal microstructures are composed of martensite mostly in the case of Usibor1500 whereas the DP600 base metal exhibits a two phase structure with martensite islands embedded in a ferritic matrix. Hardness profile measurements were carried out in order to better underline the complex structure of the welds. An example is shown in Figure 2.

From this figure, several zones are clearly identified. First the base metals are easily observable with their different microstructures described above. The hardness values are classical ones for these types of steels (about 450 Hv for Usibor1500 and about 210 Hv for DP600). Then a heat affected zone is present with a thickness of about 1 mm. In this zone the hardness evolves a lot and differently according to the base metal. The HAZ on the DP600 side exhibits a rapid increase of the hardness until about 380 Hv before a plateau until the weld nugget. This is due to the fact that the temperature increase in this zone leads to the formation of austenite and thus to martensite during the rapid cooling. The closer from the weld nugget the higher the fraction of martensite, explaining the rapid increase in hardness. When the A c3 temperature is reached, the material is fully martensitic after cooling with a constant hardness corresponding to the carbon composition of the DP600. On the Usibor1500 side, the evolution is a little bit more complex. A first HAZ is observed where the hardness drops down to 300 Hv due to the tempering of the initial martensite. Then a second HAZ is observed with a hardness higher than that of the base metal (about 500 Hv).

This is due to fresh martensite formation close to the weld nugget. The weld nugget is shown to have a martensitic microstructure with a carbon content depending on the dilution. In this case, the hardness is close to 500 Hv.

Mechanical testing of welds. Two configurations of mechanical tests were carried out for every weld configurations investigated in this study: cross tension and tensile shear. These two tests are illustrated in Figure 4, section 3. Mechanical tests were carried out on a Zwick tensile machine with a 100 kN load cell at a crosshead speed of 15 mm/min. Special hydraulic jaw assemblies were used in cross tension and tensile shear according to the standards (ISO-14272 and ISO-14273). Two characteristics of the spot weld fracture are recorded for each test: the peak load and the failure type. The peak load is defined as the maximum load reached during the test and can be easily obtained from the force-displacement curves. However, identifying the failure type requires to observe the way the fracture occurred and to refer to a specific classification and measurement procedure. The main failure types are described in details in Huin et al. [START_REF] Huin | Investigation of the failure of advanced high strength steels heterogeneous spot welds[END_REF] and briefly recalled in Figure 3 and in the following:

• Button pullout (BPO): crack propagation occurs in the heat affected zone and leads to the formation of a button. The latter is mainly made of the weld nugget and stays welded to the other sheet. • Full interfacial failure (FIF): crack propagation occurs in the weld nugget at the faying surface and leads to the complete separation of the welded sheets.

• Partial interfacial failure (PIF): the crack partially enters in the weld nugget at the faying surface before pull-out.

• Additional failure types in these materials include Partial or Total Dome Failure (PDF or TDF) for which the crack partially or completely follows the nugget-HAZ interface on one side of the assembly. In the PDF case, the final pull-out leaves again a small button in the center of the weld.

Partial or full interfacial failure types complicate the determination of the welding range and disturb basic quality control operations in the automotive industry. Consequently, being able to predict the failure type and to identify the conditions promoting button pullout is of first importance.

Model

Mesoscopic weld model. The finite element model used in this study is designed to capture the essential variations in microstructure and mechanical properties along the actual continuous gradient occurring from the base metal to the fusion zone in both sheets of the weld assembly. As demonstrated in [START_REF] Dancette | Comportement mécanique des soudures par points : mécanismes et stratégies de prédiction dans le cas des tôles en acier pour automobile[END_REF] and following the hardness profile of Figure 2, this can be achieved using the limited number weld zones depicted in the symmetries of the samples during loading. One can note that most of the metal sheets, away from the weld zones, are modeled as thin sheets using shell elements in order to lighten the simulations. This was demonstrated in [START_REF] Dancette | Comportement mécanique des soudures par points : mécanismes et stratégies de prédiction dans le cas des tôles en acier pour automobile[END_REF] to offer a good compromise in terms of numerical efficiency without altering neither the global stiffness nor the local stress gradients in the weld zone. Abaqus S4R shell elements were used for that purpose, with 5 integration points through the thickness and a 1mm element size. Figure 4.c shows the detailed 3D mesh in the weld zone, using C3D8R elements with a size ranging from 0.2 mm in the weld to 0.3 mm in the base metals. This was identified as a good compromise between numerical efficiency and accuracy of the simulation results, as illustrated in Figure 9 in the Appendix. Abaqus Shell-to-Solid coupling constraint was used between the sheets and the 3D weld model. Moreover, Figure 4 shows that the faying surface between the two sheets is meshed with dedicated cohesive elements (COH3D8) in order to account for the potential decohesion of the interface. The cohesive zone behavior as well as the local constitutive and damage behavior of the weld zones is described in details in the next section.

The applied displacement-controlled boundary conditions are illustrated in the RP-1 control point at the upper sheet and linked to the corresponding shell 215 nodes maintained in the machine grips. The simulations were run in quasi-static conditions with the Abaqus Explicit solver in order to ease the convergence of the solution in the presence of severe damage-induced stiffness degradation. As a compromise between calculation time and quasi-static nature of loading, the velocity of the control point RP-1 was set at 5 m/s, together with a global mass scaling of 10. Figure 10 in the Appendix illustrates that such Explicit parameters allow indeed to minimize the impact of inertial forces and achieve a global stiffness of the model that is very close to the one obtained using the implicit solver before the occurrence of significant damage.

The four welding configurations of Figure 1, each with three weld nugget sizes (lower-end, middle and upper-end of the welding range) constitute a set of 12 weld models, each investigated in cross tension and tensile shear. This amounts to a total of 24 simulation conditions, to be compared to the corresponding experimental results detailed in Huin et al. [START_REF] Huin | Investigation of the failure of advanced high strength steels heterogeneous spot welds[END_REF].

Constitutive behavior and damage model. Properly capturing the local stressstrain and damage behavior of the different weld zones is a key step for a proper modeling of the global weld response and failure type. The present work relies on a J 2 (isotropic) plasticity description of the yield locus, assuming isotropic hardening of the different weld zones before a smooth degradation of the material stiffness using the progressive damage and failure model in Abaqus.

The undamaged stress-strain curves of the different weld zones are shown in Figure 5. They were obtained with the Simplified Continuum Composite Approach (SCCA model) of Arlazarov et al. [START_REF] Arlazarov | Characterization and Modeling of Manganese Effect on Strength and Strain Hardening of Martensitic Carbon Steels[END_REF] for fresh and tempered martensite, based on C and Mn effects. The base metal and HAZ hardening behaviors, after an isotropic elastic regime with a Young's modulus of 200 GPa and a Poisson's ratio of 0.3, were carefully validated against uniaxial tensile tests performed on samples extracted from the base metal sheets and from samples where the HAZ thermal cycles were reproduced experimentally using a Gleeble machine [START_REF] Dancette | Comportement mécanique des soudures par points : mécanismes et stratégies de prédiction dans le cas des tôles en acier pour automobile[END_REF][START_REF] Huin | Experimental and numerical investigation of the mechanical behaviour of dissimilar arc and spot welds of advanced high strength steels[END_REF]. The fusion zone behavior was also obtained with the SCCA model, but assuming an alloying element content corresponding to the area-based mixture law of the chemical composition of the two steels in the metallographic cross sections. This gives the set of three FZ curves (green in Figure 5) depending on the thicker sheet thickness and corresponding dominant Usibor1500 or DP600 chemical composition. model [START_REF] Arlazarov | Characterization and Modeling of Manganese Effect on Strength and Strain Hardening of Martensitic Carbon Steels[END_REF]. Markers correspond to experimental points on the base metals and Gleeble simulated HAZ [START_REF] Dancette | Experimental and modeling investigation of the failure resistance of Advanced High Strength Steels spot welds[END_REF][START_REF] Huin | Experimental and numerical investigation of the mechanical behaviour of dissimilar arc and spot welds of advanced high strength steels[END_REF]. (*) The experimental DP600 CGHAZ was obtained with a DP600 sheet presenting a different chemical composition [START_REF] Dancette | Experimental and modeling investigation of the failure resistance of Advanced High Strength Steels spot welds[END_REF].

The degradation of material stiffness in the course of damage is modeled with the progressive damage and failure capability of Abaqus, consisting in a ductile damage initiation criterion followed by linear damage evolution. Identification of the damage parameters is carried out based on cross-section area reduction at fracture obtained on the Gleeble tensile samples of the different weld zones. The phenomenological description of damage adopted here assumes that damageinduced stiffness degradation occurs mostly between the onset of necking and final fracture of the tensile samples. Therefore, identification of the damage initiation strains in tension εpl 0 | T =0.33 = A is defined at the onset of necking, according to the Considère criterion: Linear stiffness degradation occurs in the elements from εpl 0 until complete loss of stiffness, occurring after a so-called effective plastic displacement at failure, ūpl f . Recalling the 0.2mm characteristic element size in the weld, ūpl f values in the different weld zones were chosen so that the cumulated plastic strain at failure compared favorably with the Gleeble samples fracture strains, computed from the area reduction at fracture. In the absence of experimental data, the value of ūpl f was set equal to the one of DP600 HAZ for all three fusion zones corresponding to the different thickness configurations of the steel sheets.

∂σ ∂ε pl ε pl =A = σ (1) 
Resulting εpl 0 and ūpl f in the weld zones are listed in Table 2. Starting from above damage parameters in tension, the stress triaxiality dependence of ductile damage was introduced through the phenomenological model of Chung et al. [START_REF] Chung | Practical failure analysis of resistance spot welded advanced high-strength steel sheets[END_REF]. The decrease in fracture strain at elevated stress triaxiality (T > 0.33) is inversely proportional to T :

εpl 0 (T ) = K T ( 2 
)
where K is set to satisfy εpl 0 values at T = 0.33 in Table 2. In the negative stress triaxiality range (T < 0), a constant damage initiation strain D was assumed:

D = εpl 0 | T =0.33 /2 = 0.5A (3) 
Finally in the transition 0 < T < 0.33, a second order polynomial expression is assumed and writes:

εpl 0 (T ) = D(1 + 9T 2 ) (4) 
As a consequence, the presented phenomenological damage model shows only two adjustable parameters, A and ūpl f for each weld zone, both identified from the Gleeble tensile samples.

On top of the above progressive damage and failure model mimicking ductile damage in the weld zones, special consideration was given to the potential occurrence of fast (or semi-brittle) decohesion of the faying surface in the welds, i.e. interfacial failure, similar to the debonding problem of double-cantileverbeam fracture mechanics specimens. This was made possible with the cohesive elements introduced at the interface as illustrated in Figure 4. The bilinear cohesive zone parameters (critical stress for the onset of damage, σ max , and work of fracture, Γ) of the Abaqus COH3D8 elements are listed in Table 3 under mode I, II and III crack propagation. In the absence of experimental data to monitor crack propagation at the faying surface during loading, such as non destructive X-ray tomography scans of samples during interrupted tests [START_REF] Dancette | Experimental and modeling investigation of the failure resistance of Advanced High Strength Steels spot welds[END_REF] or dedicated setup as in Krajcarz et al. [START_REF] Krajcarz | Fracture toughness of the molten zone of resistance spot welds[END_REF] or Lacroix et al. [START_REF] Lacroix | Original test device for crack propagation in the weld nugget of advanced high strength steels[END_REF], the cohesive parameters were obtained by an inverse fitting procedure. Starting from values available in the literature for similar welds [START_REF] Dancette | A finite element model for the prediction of Advanced High Strength Steel spot welds fracture[END_REF][START_REF] Krajcarz | Fracture toughness of the molten zone of resistance spot welds[END_REF][START_REF] Lacroix | Original test device for crack propagation in the weld nugget of advanced high strength steels[END_REF][START_REF] Lacroix | Spot weld strength determination using the wedge test: in-situ observations and coupled simulations[END_REF], σ max and Γ values for mode I and mode II were adjusted (σ max within [1000 -5000] MPa, Γ within 

Results

The comparison between experimental and simulated mechanical behavior of the welds is depicted in Figures 6 and7, in cross tension and tensile shear respectively. This is illustrated with the example of one similar configuration as well as one dissimilar configuration, the others presenting similar features. Systematic comparisons of the loading curves (force-displacement) between experiments and simulations were carried-out, but also comparisons of the fracture paths and the resulting macroscopic failure type (ranging from interfacial failure to button pullout). The latter are summarized in Table 4.

Briefly recalling experimental facts on the mechanical behavior of the welds (details can be found in Huin et al. [START_REF] Huin | Investigation of the failure of advanced high strength steels heterogeneous spot welds[END_REF]), following trends can be highlighted from Table 4: • In cross tension, welds in the four similar and dissimilar configurations from Partial Interfacial Failure (PIF, mostly for smaller welds) to Partial Dome Failure (PDF, mostly for larger welds). Examples of the latter two can be seen in the metallographic cross-sections of Figure 6.a and 6.c.

• In tensile shear again, a majority of button pullout failure type is obtained but this time with a transition from Full Interfacial Failure (FIF) to button pull out occurring in certain configurations with the increase in weld diameter: this is the case of the similar 2.0/2.0 configuration but also of the dissimilar 1.2/2.0 configuration illustrated in One can note that this was the case at the lower end of the welding range in the experiments, but the particular example shown at the upper end failed on the Usibor1500 side, presumably because of the influence of the small expulsion of molten metal in this weld, which is discussed in [START_REF] Huin | Investigation of the failure of advanced high strength steels heterogeneous spot welds[END_REF].

Looking now at the tensile shear behavior of Figure 7, one can note the transition in the dissimilar case from interfacial failure for smaller welds to button pullout for larger welds, i.e. at the upper end of the welding range.

This was not the case in the 1.2 mm homogeneous case, showing button pullout already from the lower end of the welding range.

The model reproduces properly the evolution of peak load and the failure type depending on the particular welding configuration and the position in the welding range (i.e. weld nugget size). However, the model tends to predict a faster pullout crack propagation than in the experiments. This is visible for example in the slow decrease of load in the final part of the experimental loading curves in the similar cases of Figure 7.a and 7.c while the simulated loading curves rather present a quicker drop of load at fracture. A global overview of the model performance in terms of peak load and failure type predictions is available in Figure 8 for every weld configuration investigated in this work in cross tension and tensile shear, along with the details of failure type and failure side summarized in Table 4. 

Discussion

The Starting with the effect of weld size, there is a consensus in the literature that an increase in weld size usually helps increasing the peak load and especially shifting from interfacial failure types to button pullout failure types. From simple analytical models [START_REF] Chao | Failure mode of spot welds: interfacial versus pullout[END_REF] to advanced non linear FE fracture mechanics [START_REF] Dancette | A finite element model for the prediction of Advanced High Strength Steel spot welds fracture[END_REF][START_REF] Dancette | Investigation of the Tensile Shear fracture of Advanced High Strength Steel spot welds[END_REF],

this phenomenon can be understood as a competition between unstable crack propagation from the notch tip at the interface and ductile or semi-brittle failure through the sheet thickness around the weld. Fracture mechanics implies a faster increase of the stress intensity factor at the notch tip for small welds compared to large welds, both in cross tension [START_REF] Dancette | A finite element model for the prediction of Advanced High Strength Steel spot welds fracture[END_REF] and tensile shear [START_REF] Dancette | Investigation of the Tensile Shear fracture of Advanced High Strength Steel spot welds[END_REF]. Consequently, the probability for small welds to reach a critical level of stress intensity (i.e. fracture toughness) at the notch tip is higher than it is for large welds, promoting interfacial crack propagation. Larger welds rather tend to fail by ductile damage through the sheet thickness under the effect of the tensile or bending stress in the vicinity of the weld. As observed in Figures 6 and7, such competition does not always yield to a situation of interfacial failure at the lower end of the welding range and button pullout at the upper end. The other parameters, such as loading type, sheet thickness and steel grade configuration, contribute also significantly to the observed transition from interfacial failure to button pullout.

The next striking feature in this work is the importance of the sheet thickness distribution in the assembly on fracture. Sheet thickness directly impacts the stiffness of the sheets (and therefore the load required to deform them) but also the distribution of stresses in the assembly. Linear beam mechanics implies a higher bending stress in a thinner beam under a given bending moment or shear force. A thin sheet tends therefore to facilitate the onset of plastic straining and ductile damage later on. Linear elastic fracture mechanics analysis of a double cantilever beam would also indicate an increased stress intensity factor at the crack tip with a decreasing beam thickness [START_REF] Fichter | The stress intensity factor for the double cantilever beam[END_REF], but at lower rate compared to the yielding phenomenon. Comparing the thickness dependence of the critical load for yield and critical load for crack propagation would therefore allow to define a turning point (or critical thickness) below which yielding is favored and above which interfacial crack propagation becomes easier. Beyond the linear elastic analysis of idealized specimens, such thickness dependence of interfacial vs button pullout fracture of resistance spot welds has been demonstrated in homogeneous welds, both experimentally and numerically [START_REF] Dancette | A finite element model for the prediction of Advanced High Strength Steel spot welds fracture[END_REF][START_REF] Bouzekri | An investigation of failure types in highstrength steel resistance spot welds[END_REF]. It is also observed in the present study both in the experiments and in the simulations. As an example, the similar 1.2/1.2 configuration at the lower end of welding range fails by button pullout in tensile shear (details in Figure 7.a), but the corresponding 2.0/2.0 configuration shows interfacial failure at the lower end before shifting to button pullout at larger nugget size (Table 4). Moreover, dissimilar configurations in sheet thickness obviously tend to favor strain localization in the thinnest of the two sheets, which is almost systematically observed in the present work in the absence of interfacial failure. Note that ref. [START_REF] Dancette | A finite element model for the prediction of Advanced High Strength Steel spot welds fracture[END_REF] points out a decrease of the stress intensity factor in dissimilar sheet thickness configurations compared to corresponding similar ones with the same weld diameter. This favors the occurrence of button pullout in dissimilar configurations, as discussed for example in [START_REF] Huin | Investigation of the failure of advanced high strength steels heterogeneous spot welds[END_REF][START_REF] Cretteur | Higher than expected strengths from dissimilar configuration advanced high strength steel spot welds[END_REF].

A last but decisive feature of the present model is the ability to render strength and toughness gradients of the heterogeneous weld microstructure, yet in a simplified and phenomenological way. This is essential in order to properly capture the development of damage and fracture in the welds, even if the corresponding effect on the global loading curve is limited. The phenomenological description of damage adopted here presents the advantage of being simple and straightforward to implement in the different zones of the complex heteroge-neous weld microstructure. This is in contrast to the extensive calibration of model parameters that would be required in each of the weld zones using for example physically based Gurson or Gologanu damage models and their extensions in shear-dominated loading. Yet these models would better capture the essence of stress triaxiality dependence in ductile fracture, on top of the influence of the actual geometry and local fraction of microstructural defects leading to damage nucleation and propagation in the different weld zones. Such approach was applied by the authors in the context of architectured materials observed in 3D by X-ray tomography, where the image-based simulation of damage using a Gurson-Tvergaard-Needleman model was driven by the actual local fraction of porosity [START_REF] Amani | Compression behavior of lattice structures produced by selective laser melting: X-ray tomography based experimental and finite element approaches[END_REF] or second-phase particles [START_REF] Amani | Two-Scale Tomography Based Finite Element Modeling of Plasticity and Damage in Alu-660 minum Foams[END_REF][START_REF] Amani | Micro-tensile behavior of struts extracted from an aluminum foam[END_REF] in the microstructure. This is unfortunately not easily applicable in the case of AHSS resistance spot welds. Another perspective for future development of the model would consist in replacing the standard finite element framework used in this study by an extended-finite element framework (X-FEM), where the description of discontinuities such as propagating cracks comes with additional degrees of freedom of the finite elements [START_REF] Belytschko | Elastic crack growth in finite elements 665 with minimal remeshing[END_REF]. This is the topic of on-going research.

Independently of such future improvement on the modeling of damage and fracture, the present phenomenological model already captures the essential trends in strength and toughness evolution from the different base metals to the HAZ and homogenized weld nugget. In the present simulations, this allows to reproduce the proper side and location of the crack path in most of the investigated configurations (Table 4) in addition to the approximate level peak load (Figure 8).

Beyond the studied range of configurations corresponding to actual experimental welding conditions, the present model appears as an attractive tool to investigate failure type transition in AHSS spot welds. In addition to the easy virtual adaptation of geometrical parameters such as weld diameter and sheet thickness discussed above (which will definitely impact the failure type), the model offers the possibility to investigate also alternative metallurgical strategies that would present for example a higher contrast in mechanical properties, jointly or even selectively in the base metals and weld zones. Looking at the majority of PIF or pullout failure type in cross tension in Table 4 or Figure 6, one could for example investigate the limit level of strength and fracture toughness in the weld nugget that would avoid Full Interfacial Failure and use it as a guideline for recommendations on dissimilar steel grade welding configurations.

Conclusion

The following conclusions can be highlighted from the present work:

• A finite element model was build to predict the mechanical behavior of dissimilar resistance spot welds made of Usibor1500/DP600 assemblies.

• The model captures the essential gradients in strength and toughness in the weld zones arising from the heterogeneous assembly.

• A modified ductile damage model was used for the prediction of fracture in the weld zones and combined with a cohesive zone model for the prediction of interfacial fracture at the faying surface.

• The model performs very well in the prediction of stiffness, peak load, failure type and failure location in the 24 configurations investigated, both in cross tension and in tensile shear loading.

• Special attention was given to the proper prediction of the effect of weld dimensions, sheet thickness and steel grade distributions as well as loading type on the transition of failure type from interfacial fracture to button pullout.

The model shows a strong potential for practical applications to the design of optimized heterogeneous welding configurations exhibiting the proper button pullout failure type over the entire welding range for any type of loading. 

Figure 1 :

 1 Figure 1: Investigated dissimilar welding configurations.

Figure 3 :

 3 Figure 3: Classification of failure types in the investigated configurations. BPO: button pullout, PIF: partial interfacial failure, FIF: full interfacial failure, PDF: partial dome failure, TDF: total dome failure.

Figure 4 .

 4 a. On the Usibor1500 side, base metal, tempered HAZ and martensitic coarse grain HAZ are taken into account. In the absence of significant martensite tempering on the DP600 side, only the base metal and its coarse grain HAZ are taken into account. Finally, the weld nugget is considered separately from the DP600 and Usibor1500 coarse grain HAZ, with intermediate chemical composition and flow properties between that of the two steels. The delimitation of each zone in Figure4.a is obtained by image-based analysis of the metallographic cross-sections of the corresponding configuration in Figure1, depending moreover on the position in the welding range (lower-end, middle, upper-end), i.e. the weld size.

Figure 4 .

 4 Figure 4.b shows the investigated quarter-model of the cross tension specimen and the corresponding half-model of the tensile shear specimen, exploiting

Figure 4 .

 4 Figure 4.b. The lower sheet is blocked at the control point (RP-2) whose degrees of freedom are linked to the nodes of the specimen maintained in the machine grips. Similarly, the vertical (cross tension) or horizontal (tensile shear) displacement mimicking the motion of the machine crosshead is applied through

Figure 4 :

 4 Figure 4: Dissimilar weld model. a) Weld zones discretization from metallographic cross sections. b) Model assemblies in cross tension and tensile shear. c) Typical mesh of the weld.

Figure 5 :

 5 Figure 5: Strain hardening behavior of the different weld zones as modeled with the SCCA
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 1 60] kJ/m 2 ) using 4 welds of the similar 2.0/2.0 configuration: 2 welds in cross tension (lower end, upper end) and 2 in tensile shear (lower end, middle).Mode III values were assumed identical to mode II. Cross tension generates a dominant mode I loading of the faying surface, while mixed mode loading is experienced in tensile shear. The chosen set of cohesive parameters (yet potentially not the unique solution of the problem) allows to reproduce the transition from interfacial failure to button pullout in tensile shear, while maintaining button pullout at the lower end of the welding range in cross tension. Nevertheless, the latter weld in cross tension is close to the transition to interfacial failure as will be shown in the next section for this particular configuration. These cohesive parameters were then applied to the 20 other weld configurations of the present design of experiments.

Table 4 :

 4 Comparison of observed failure types and failure side in the 24 configurations investigated in cross tension and tensile shear. BPO: button pullout, FIF: Full interfacial failure, PDF: partial dome failure, PIF: partial interfacial failure, TDF: total dome failure.

Figure 6 :

 6 Figure 6: Experimental and simulated loading curves and failure types in cross tension. a, c) Similar 2.0mm configuration. b, d) Dissimilar configuration. a, b) Lower end of the welding range. c, d) Upper end of the welding range.

Figure 7 .Figure 7 :

 77 Figure 7: Experimental and simulated loading curves and failure types in tensile shear. a, c) Similar 1.2mm configuration. b, d) Dissimilar configuration. a, b) Lower end of the welding range. c, d) Upper end of the welding range.
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Figure 8 :

 8 Figure 8: Overview of failure load and failure type predictions as compared to experiments. a) cross Tension. b) tensile shear. Failure type is considered as well predicted (green marker) if the simulated fracture occurs in the proper side and weld zone in comparison with the experiment. It is considered as almost predicted (yellow marker) if the proper weld side is obtained but with a difference in the actual location of the crack path. Not predicted (red marker) refers to improper side and weld zone of fracture.

Figure 8 .

 8 a shows the overall good prediction of peak load and failure type in cross tension. Only one configuration (red marker, also shown in details in Figure 6.d) shows an improper predicted side of fracture. Four additional configurations (yellow markers) show a proper peak load prediction and a right side of fracture but slight variation in the location of the crack path in the weld zones. The model succeeds in predicting the detailed failure behavior of the welds in the seven remaining configurations. Looking at Figure 8.b in tensile shear, failure was successfully predicted in nine of the weld configurations. The remaining three configurations show again small variations in the location of the fracture path but a proper prediction of the side of fracture. One can note however a slight tendency to underpredict the peak load for the strongest two tensile shear configurations over 30kN in the experiments.

  FE model of dissimilar resistance spot weld behavior presented in this work is based on an efficient discretization of the essential weld zones of the complex heterogeneous weld microstructure. The presented modeling of hardening and damage shows striking efficiency in the prediction of failure location and peak load of the welds under cross tension and tensile shear, this for the vast majority of the 24 weld configurations investigated here. The model relies on yield strength and hardening modeling in the weld zones based on the SCCA model of Arlazarov et al. [34]. Damage modeling relies on a cohesive zone at the faying surface as well as on an adaptation of the phenomenological model of Chung et al. [20] for stress triaxiality-dependent ductile damage in the bulk of weld zones. One should note the limited number of fitting parameters in the damage model: A and ūpl f for each weld zone, easily identifiable based on tensile samples; σ max and Γ for mode I and mode II cohesive parameters, obtained by fitting on 4 welds out of 24 configurations. The authors emphasize the fact that the single set of damage parameters presented here was applied to all 24 test configurations. Several important aspects of resistance spot weld mechanical behavior are captured in the present model and discussed further in the following, explaining its ability to reproduce experimental observations: (i) the effect of weld nugget size, (ii) the effect of similar/dissimilar sheet thickness distribution in the weld assembly and (iii) the effect of yield strength and toughness gradients in the different metallurgical zones of the welds.

Figure 10 :

 10 Figure 10: Effect of velocity (a) and mass scaling (b) on the predicted Explicit loading curves as compared to the quasi-static Implicit one.

Table 1 :

 1 Chemical composition of the investigated steels.

	This model should take into account the different zones found in welds with
	their own mechanical behavior and should introduce different fracture criteria
	in order to predict the transition and competition between the different failure
	types observed experimentally, which are known to occur, e.g. when varying the
	sheet thickness or weld diameter. At last, this model should incorporate enough
	physically based parameters (especially on damage) to predict the influence of
	the base metals, without resorting to long experimental campaigns. This is the
	goal of this paper.

Table 2 :

 2 Considère-based damage initiation strains in tension (T = 0.33) for the different weld zones and corresponding effective plastic displacements at failure in the damage evolution model (0.2mm characteristic element size).

Table 3 :

 3 Traction-separation cohesive zone model parameters at the interface between the two sheets, under mode I, II and III crack propagation. σmax in MPa, Γ in kJ/m 2 .

				Cross Tension			Tensile Shear	
	Configuration Usibor1500/DP600	Position in welding range	failure type	failure side	failure type	failure side
			exper.	FE	exper.	FE	exper.	FE	exper.	FE
		lower end	PIF	BPO	Usibor1500 Usibor1500	BPO	BPO	Usibor1500 Usibor1500
	1.2/1.2	middle	BPO	BPO	Usibor1500 Usibor1500	BPO	BPO	Usibor1500 Usibor1500
		upper end	BPO-PDF	BPO	Usibor1500 Usibor1500	BPO	BPO	Usibor1500 Usibor1500
		lower end	PIF	BPO	Usibor1500 Usibor1500	FIF	FIF	interface	interface
	2.0/2.0	middle	PIF	BPO	Usibor1500 Usibor1500	BPO	BPO	Usibor1500 Usibor1500
		upper end	BPO-PDF	BPO	Usibor1500 Usibor1500	BPO	BPO	Usibor1500 Usibor1500
		lower end	PIF	BPO	DP600	DP600	TDF	BPO	DP600	DP600
	2.0/1.2	middle	BPO	BPO	DP600	DP600	BPO	BPO	DP600	DP600
		upper end	BPO-PDF	BPO	Usibor1500	DP600	BPO	BPO	DP600	DP600
		lower end	BPO	BPO	Usibor1500 Usibor1500	FIF	FIF	interface	interface
	1.2/2.0	middle	BPO	BPO	Usibor1500 Usibor1500	FIF	FIF	interface	interface
		upper end	BPO-PDF	BPO	Usibor1500 Usibor1500	BPO	BPO	Usibor1500 Usibor1500
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Appendix

The effect of numerical parameters in the finite element model are illustrated in Figures 9 and10. Figure 9 validates the choice of a 0.2 mm mesh size as a compromise for the prediction of the global loading curve but also of the failure type. Figure 10 shows the impact of applied velocity and mass scaling on the overall behavior of the welds. A velocity of 5 mm/s and a mass scaling of 10 were applied in the simulations of section 4 to maintain quasi-static loading conditions as in the experiments. 
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