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 proposed to identify the local failure strain by reverse engineering FEA analysis of the tensile test. However, this paper shows that a tensile test FEA is insensitive to variations of the local failure strain, making a reverse method to estimate local failure strain inherently unreliable. In strong contrast, variations of the local failure strain have the largest influence on the calculated breaking load of components, especially when a coupled forming and breaking load simulation is performed. The impact of the local failure strain overshadows variations in strength and elongation. Steels with high local formability, such as complex phase-and nano-steels, are in the focus of recent developments of the steel industry. However, test methods to determine the local failure strain are still under debate. Linking test methods, such as DIC and hole expansion, back to FEA procedures is the next step to improve the robustness steel components for safety applications.

Introduction: Robustness as a target for FEA analyses

Load-carrying components in automotive passive safety systems are generally made from HSLA and AHSS steels. As an example, the seatbelt buckle is attached to a car body structure with a steel bracket. Clearly, there can be no compromise in the quality of such a component. For this reason, break load tests are statistically evaluated to be able to rule out failures below 1 part per million, or a six-sigma level. The break load of such a component can be roughly correlated to the tensile strength of the used steel sheet. Following industry norms, the strength of high strength steel grades is allowed to spread as much as 20%, which is a far stretch from six-sigma statistics. In practice, spread will not be as high, if material certificate data (EN 10204, as provided with every steel coil, documenting its specific mechanical properties) for one grade, one thickness are gathered for one steel mill. This tighter reallife spread is referred to as the "fingerprint". Paper [START_REF] Lingbeek | Approximative approach for simulation of sheet metal component breakage including material spread[END_REF] demonstrates how mechanical properties from a material certificate can be transformed into a FE elasto-plastic material card. Simulations of the break load test with inputs from a larger set of certificates allow a statistical evaluation of material variations in a virtual context, too. It is now possible to evaluate the effect of steel fingerprints for various raw material sources. Such analysis improves the robustness of the component beyond the sheer statistical numbers: The outcome of a set of FE analyses helps design engineers to understand, why a component behaves more, or less, sensitive to material spread.

Material spread in context of a coupled forming and break load simulation

Certified mechanical properties reflect the state of the steel as delivered on coil. The analysis in [START_REF] Lingbeek | Approximative approach for simulation of sheet metal component breakage including material spread[END_REF] omitted the hardening of the steel due to the component manufacturing, generally a stamping and bending process. Today, coupled forming and crash simulations [START_REF] Schilling | Coupled FEM calculations -A CAE tool to improve crash-relevant automotive body components by local hardening[END_REF] have become everyday practice in body panels. In this paper, the bending process is included in the FEA chain. [START_REF] Lingbeek | Approximative approach for simulation of sheet metal component breakage including material spread[END_REF] presented two variants of the material card generation, the simplest of which relied on modeling the plastic regime as ideal plastic in the "engineer's stress strain curve", and a failure criterion that uses the steel's A80 elongation as the limit value for element deletion. Physically this is a crude simplification and when including a forming process in the simulation chain the implication becomes obvious: Strain in a bending process can be roughly estimated with the following, purely geometrical, formula [START_REF] Burchitz | Springback: improvement of its predictability[END_REF] = ln 1 +

(1)

Fig. 1. Bending EN10149-2 recommends bending S550MC steel as tightly as t/Rinner = 1. For this thickness-bendingradius ratio, formula (1) yields an estimated maximum strain of 30% at the outer surface, which far exceeds the elongation minimum requirement of 12%. In physical reality, this is not problematic, as the plastic instability, typical in a tensile test, does not occur in bending HSLA steels: A FE model using elongation as a failure criterion wrongly suggests bending cracks. Hence, returning to [START_REF] Lingbeek | Approximative approach for simulation of sheet metal component breakage including material spread[END_REF], when including the forming process, the "Hprocedure" must be used, where the flow curve is reproduced using a hardening law such as Hollomon, and a "block-triax" curve as failure criterion.

When used in a FEM simulated tensile test, material cards generated with this procedure reproduce the necking phenomenon (see figure 15, left). The remaining job is setting the failure criterion. [START_REF] Lingbeek | Approximative approach for simulation of sheet metal component breakage including material spread[END_REF] suggests measuring or reverseengineering the limit value for the "block triax" failure criterion, which will be referred to as the local failure strain. By doing so, the material card is sufficiently physically accurate to model a bending process and the following breakload testing of the component. Remark: A deep drawing process would require a much more sophisticated yield surface and breakage criterion and possibly, crack propagation models. Nonetheless, one should realize that the spread in real-life steel deliveries (with strength differences as large as 30MPa within a single steel coil already) puts extensive material characterizations into perspective: the challenge is not to achieve ultimate accuracy for one isolated case, the target is sub-PPM robustness in millions of components which are break load tested with brute force.

There is no scientific consensus on the definition of local failure strain yet. However, taking the definition from the material modeling approach presented in this paper, an interesting observation was done: For a seatbelts bracket break load test, the sensitivity of the break load to local failure strain exceeds the influence of conventional mechanical properties (A80, Rp0.2, Rm) by far -In contrast: in a tensile test FEA, spread in local failure strain hardly influences the outcome at all.

Recapitulation of Method

This section summarizes the "type H" procedure from [START_REF] Lingbeek | Approximative approach for simulation of sheet metal component breakage including material spread[END_REF]. Starting point are the material certificate values Rm, Rp0.2, Ag and A80. Young's modulus E is taken as a constant 210GPa. These values allow recreation of the section between points A and B in figure 5. Point B is fully defined by Rm and Ag. (2)

Between A and B a quadratic function is fitted, where x, y and z can be calculated with following boundary conditions: Engineer's stress and strain are transformed into true stress and logarithmic strain with the following formulas [START_REF] Faridmehr | Correlation between Engineering Stress-Strain and True Stress-Strain Curve[END_REF] ./0 = 12! . + 1#
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The stress strain curve is extrapolated with Hollomon's formula:

./0 ( ) = 4

Where strain hardening coefficient is:

2 = | 5 6 . 57 89: = " (8) 
Note, Ag in above formula as a dimensionless (not percentage) strain. If Ag is not mentioned on the certificate, it is estimated for hot-rolled steels as:

" = 0.75 * " = (9) 
Above formula (9) is based on engineering judgement. Tensile test data from serial production steel batches should be used in future analyses. K can be derived as point B' is known, completing the plastic domain of the material card.

To finalize the material card, a failure criterion must be defined. The criterion for the onset of damage is defined as a triaxiality versus equivalent plastic strain at breakage curve [START_REF] Wierzbicki | A New Experimental Technique for Constructing a Fracture Envelope of Metals under Multi-axial loading[END_REF]. Extensive experiments are normally needed to find this curve.

Following the phenomenological observation that steel does not fail in compression, in this paper's procedure it is assumed that no failure occurs for triaxiality below -0.33. For any other triaxiality value, e.g. stress states of shear and tension, the failure criterion is simplified to a single strain value: local failure strain or Alocal, yielding the so-called "block triax curve". For the analyses shown in this paper, element deletion follows immediately when the failure criterion is reached. Softening or crack propagation physics are not implemented. ABAQUS/Explicit was used for all shown FE calculations. For damage evolution, this software implements Hillerborg's fracture energy proposal, requiring input of a materialcharacteristic plastic displacement value -it is simply set to zero here. Note, this parameter is related to mesh-size dependency of FE damage modeling and is handled differently by the various commercial FE software -further investigation is recommended.

RESULT

Example component

A seatbelt mounting bracket with a 90° angle is used as an example component. It is made from 4mm S550MC steel and features a tight bending radius to fit in a car seat structure. The multiple stage bending process from serial production is reproduced too.

Material card sets, choice for local failure strain value

A set of 30 material input decks have been generated from serial production data, using the certified Rp0.2, A80 and Ag (if available -see formula (9) ). These cannot be disclosed for reasons of confidentiality.

Obviously, from past serial production material, there is no way to recapture any local failure strain value, e.g. either by measuring local thickness strain via DIC in a tensile test, thickness strain from the fracture surface of a necked tensile test specimen, or hole expansion ratio (HER). Larour et. al. [START_REF] Larour | Reduction of cross section area at fracture in tensile test: measurement and applications for flat sheet steels[END_REF] mention: "hole expansion ratio in punched and milled condition correlate quite well with the thickness strain at fracture from tensile tests". A graph from this work is reproduced here, of interest are the values for HERpunched, as in reality, safety parts are punched too: Figure 5 shows the forming process in FE and resulting plastic equivalent strain distribution. A neutral fibre is still discernible, however, at this tight bending radius, the assumption of formula (1) of a constant strain all along the bending outer surface does obviously not hold. FEA calculates plastic equivalent strain values exceeding 0.5. As the failure criterion uses the strain limits of 0.35 or 0.45 only, element deletion at point A has started. This is a credible result, in production reality, it is known too, steel with high local formability is needed to reach satisfactory quality. The FEA result of the break load test procedure is shown in figure 6, 7 and 8. Note the plastic equivalent strain (PEEQ) of the preceding bending process is included at the start of the calculation, in fact -all state variables, including accumulated damage, are transferred. As in physical reality, the bracket is bolted to a test fixture, and a static load is applied with a heavyduty test bracket which is pulled by a piece of seatbelt webbing. In this particular simulation, one out of 30 material variations, the failure mode is breakage of the upper hole in this analysis (failure mode "A"). Fig. 6. Bracket break load test in FEA Note, that the amount of plastic equivalent strain exceeds 0.5 on the inside of the bend, too: The forming process generates uncritical compression deformation. This, however, reverses into tension because the test straightens the part.

Figure 7 shows the stress states in the bracket in more detail. The stress state distribution is dominated by zones of uniaxial tension and uniaxial compression, as expected in a bending deformation. This matches the somewhat phenomenological simplifications of the "block triax" failure criterion (figure 3) well. Clearly, the mixed stress state occurring underneath the bolt is beyond the scope of the model: In this case, the bracket design is such, that a failure is not known to occur in this area.

The graph in figure 9 shows the break load outcome for the 2 sets of 30 material input decks. The abscissa shows only Rm, the material cards were created using the certified Rp0.2, A80 and Ag Subtleties in material modeling, such as strain path reversals, are overshadowed by the deleted elements on the outer bending surface (as on figure 5, point A) when Alocal is 0.35. These initial cracks reduce the loaded cross section in FEA and become a stress riser during break load simulation and initial failure mode "B", which is found in physical trials too (figure 11). The graph in figure 9 also shows mean break load value of physical test of the component, split up by failure mode. The FEA result is quantitively similar. In order to understand the very large influence of local failure strain better, a set of material decks was generated equidistant from low strength (Rm) and high elongation (A80), to high strength and low elongation, and fed into a tensile test simulation. Again, two series of runs were made, using Alocal 0.35 (35%) and 0.5. In general, it makes sense to carry out such FEA tensile test validations, comparing input of the mechanical properties into the material deck generation with output from the simulation, as shown in picture 12 anyway. The graphs in figure 13 and 14 show the compared input and output of tensile strength Rm and of elongation A80, for a both Alocal values.

Rm does not depend on the failure modeling at all, hence the correlation of material deck input and output is 1 to 1 exactly, proving adequacy of equations (1-8). Note that the virtually determined A80 value, e.g. by measuring strain from the displacement between two mesh nodes 80mm apart as a reallife extensometer, does not depend on Alocal significantly (e.g below spread in physical elongation measurements). Note, this validation also covers the issue of mesh size dependencyhere, a hexahedral FE mesh with typical element length 0.5mm is used (uniformly sized, as common in explicit dynamic FEA).

Discussion

For HSLA steels with a high yield/strength ratio, the necking is a very short section of the dog-bone sample as shown in picture 15. In the context of 80mm gauge length strain measurement, test-by-test strain variations in the necking zone vanish in the variation of the overall A80 value. In the 80mm span, the large uniform strain area has a much lower strain. This explains the insensitivity of the FEA tensile test series to Alocal. It also explains why elongation is of limited use in stamped and bent components, in coupled bracket forming and break load test simulations: The bending process generates strains that, depending on the "average quality" (0.35) and "high quality" (0.45) chosen value of Alocal, exceed the failure criterion. Due to the cracks predicted in the forming process, the simulated break-load drops by 1/3 and the failure mode switches from breakage-at-hole (Failure mode "A") to breakage-at-bend (Failure mode "B"). Picture 10 shows the same change of breakage mode in physical tests. Remarkably, the FEA predicted break-load decrease is captured quantitatively, too. Also: when Alocal is 0.45, there is a clear statistical correlation between tensile strength of the steel batch and break load of the part, and little spread -one could say, the influence of the "steel fingerprint" is predictable. However, at Alocal = 0.35, the break load shows large spread and the correlation of the steel's tensile strength to the part's break load is lost.

Clearly, the break load drop is a result from the crude instability generated by the deleted elements (note the row of deleted elements in figure 10,left). It makes sense to statistically analyze the results and compare to statistics from serial production. However, quantitatively, the spread in the break load values at low Alocal value should be taken with a grain of salt due to the "on-off" character of the element deletion and omitted crack propagation physics.

Conclusion and outlook

This paper presented an improved FEM methodology to assess the robustness of safety components. The main improvement is the addition of the part's forming process into the simulation chain. With the presented methodology, it becomes possible to assess design and forming process changes. E.g., an increased bending radius may quickly turn large spread and low mean value of break-load to a higher performance and high robustness design. While steel standard EN10149 includes a table with recommended bending radii in forming already, this FEA methodology works in chained forming and loading scenarios, which include strain path reversals. Now the forming process is included in the FEA chain, the material modeling procedure must include strain extrapolation and definition of a local failure strain Alocal. The reproduction of the tensile test as a FE-simulation proves insensitive to differences in Alocal, hence a reverse engineering approach to obtain the Alocal as previously published [START_REF] Lingbeek | Approximative approach for simulation of sheet metal component breakage including material spread[END_REF] should be revised.

Perhaps more importantly, the findings help to explain why the widely used A80 breakage strain from a tensile test does not correlate well to performance of stamped and bent components -instead FEA confirms it is crucial to use steel with a high local ductility to achieve high break-load and a small spread. The methodology is crude, nonetheless, the authors are confident it is useful in the assessment of spread in serial production steel deliveries. Making a full loop back to steel standards, it helps to increase focus on the development of measurement methods to include local ductility on material certificates. It is promising to see [START_REF] Larour | Influence of shear cut edge condition on conical hole expansion ratio[END_REF] work towards a more reliable, practical and affordable test method.

As forming processes of thick sheet components, e.g. chassis parts, comes more into focus, a suggestion is to try out the presented procedure for such parts, too. Conventional robustness criteria for sheet forming processes, such as forming limit curves, are of limited use.
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 2 Fig. 2. Stress strain curves [1]Point A requires calculation of εel as follows
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 3 Fig.3. Block triax failure curve[START_REF] Lingbeek | Approximative approach for simulation of sheet metal component breakage including material spread[END_REF] 
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 4 Fig. 4. HER and fracture thickness strain ([6], picture reproduced with permission) At Autoliv, ISO16630 HER are measured occasionally. For hot-rolled HSLA steels the values of 0.45 (45%) represents good local formability, 0.35 (35%) is average local formability (HER values as low as 0.25 have been measured). Given the correlation mentioned by Larour [6] values for Alocal have been set with engineering judgement at 0.35 and 0.45 for the two sets of 30 material input decks -the single difference is the value of Alocal
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 5 Fig. 5. Simulated equivalent strain during bending process
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 7 Fig. 7. Stress states (triaxiality) in bracket at maximum load
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 9 Fig. 9. Bracket coupled forming and break load calculations (normalized) for different local failure strains
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 12 Fig. 12. Validation of material deck using a FEA tensile test
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 15 Fig. 15. Complexphase steel tensile test in FEA (left) and physical test DIC (right) (adapted from [1])