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Abstract. In order to accelerate the design and production of new products using new enhanced materials, it is 

essential to improve the modeling of materials behavior within a whole chain of simulations starting from the early 

stages of materials transformation and going through cold and hot forming stages, heat and surface treatments, joining 

steps and finally ending up with the prediction of components behavior under realistic in -use loading conditions. The 

overall strategy and various applications are presented and future challenges are discussed.  

1 Introduction  

Designing new products is still a long and cumbersome 
process involving multiple interactions between 

designers, materials experts and manufacturing engineers. 

This process has been considerably shortened thanks to 

the use of dedicated finite element (FE) analyses. These 

FE software were initially developed to answer either 

manufacturing processes issues or structural analyses 

problems. However, in order to improve prediction of 

components structural strength for in-use conditions, 

accounting for materials thermomechanical history – 

coming from forming processes stages – is essential. 

Through 3 examples, this paper shows the importance 
of accounting for material forming stages and discusses 

some issues that still need to be addressed. 

2 Self-pierce riveting (SPR) 

Self-pierce riveting is a mechanical fastening technique 

that enables to join materials of different nature by using 

semi-tubular rivets. Rivets pierce upper sheets and 

penetrate into the bottom sheet, which flares according to 

the shape of the bottom die. These SPR rivets are used in 
the automotive industry and usually present high 

performances for shear loading conditions.  

However, the choice of the rivet’s shape and length 

depends on the natures and thicknesses of joined sheets. 

The study of final mechanical strength of SPR component 

is still based on trial-and-error tests or knowledge-based 

procedures. In [1, 2], a fully integrated methodology 

including 2D-axisymmetric self-pierce riveting process 
and 3D analysis of SPR components failure under mixed 

loading conditions was presented. Materials were defined 

by an isotropic elastic-plastic material behaviour law with 

power hardening. Damage and failure was based on the 

Lemaitre damage model. Figure 1.a and b show 

respectively the initial set-up of the SPR process and the 

final Lemaitre damage field which needs to be accounted 
for. Figure 1.c is the result of a mixed mode loading 

where it is shown that SPR failure is particularly well 

described. Finally, Figure 1.d shows the benefit of 

accounting for this former damage field if one wants to 

predict correctly the final strength of such joined 

structures. 

 

Figure 1. Self-pierce riveting: joining process and failure 

Using such an approach, it is then possible to improve the 

final mechanical strength of joined components by 
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optimizing joining processes parameters in a single loop 

of optimization. This was done for clinching in [3]. 

3 Half-blanked components  

A similar methodology was applied to predict failure of 

automotive seats flanges. These flanges, illustrated in 

Figure 2.a are submitted to shear loading conditions and 

different failure modes can be observed depending on the 
forming stage parameters. These flanges are formed using 

a half-blanking process in which the material is severely 

deformed with localized shearing. Accounting for plastic 

strain and damage occurring during the half-blanking 

process is essential if one wants to predict correctly 

failure. A failure criterion initially presented in [4] and 

modified in [5] to account for non-proportional loading 

was used. Figure 2.b shows experimental and numerical 
load-displacement curves for the wrenching stage. 

Numerical results using initial plastic strain and 

damage fields coming from the half-blanking step (red 

curve) gives very good results compared to experiments. 

Figure 2.c shows experimental and predicted failure of 

pawl guides. 

 

Figure 2. Failure of automotive seat flanges under shear 

loading conditions. 

4 Fatigue of forged components 

In the two previous examples, only residual stresses, 

plastic strain and damage variables were transferred from 

the forming stage to the mechanical strength analysis. 

However, microstructure is also a key parameter that is 

clearly modified during manufacturing processes and that 

also induces modification of components failure 

properties. 

In [6], the role of forging on anisotropic high cycle 
fatigue properties of a Manganese steel grade was 

addressed. Forged components usually exhibit good 

fatigue properties compared to components obtained 

through machining or casting processes. This is partly 

due to the specific microstructure resulting from the 

forging process, in particular kneading rate and grain 

flow orientation. In [6, 7], a relation between MnS 

(Manganese sulfide) particles spacing (Figure 3.a) and 

kneading rate was observed together with an influence on 

high cycle fatigue properties. Experimental tests showed 

that anisotropy was coming rather from particles cluster 

than from anisotropic matrix behaviour. An anisotropic 
Papadopoulos fatigue criterion was defined and calibrated 

thanks to microscale analyses accounting for particles 

elongation and orientation. These microscale analyses 

were based on RVE (Representative Volume Elements) 

accounting explicitly for particles shape and orientation. 

More details about this multiscale analysis can be found 

in [6]. 

Figure 3.a shows a cluster of very elongated MnS 
particles observed from a forged wishbone. Figure 3.b 

shows the different stages of forging of a wishbone 

modelled here with the Forge FE software. Figure 3.c 

shows the predicted final grain flow orientation and 

kneading rate that are used for predicting critical fatigue 

failure area as shown in Figure 3.d. 

 

Figure 3. Anisotropic high cycle fatigue of a forged wishbone 

5 Conclusion and discussion 
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As shown in the three previous examples, accounting for 

materials history (coming from earlier forming stages) is 

essential if one wants to predict accurately components 

mechanical strength with respect to in-use conditions. 

Thanks to the development of FE software, it is now 

possible to transfer mechanical fields from one 

simulation to another. This makes possible the integration 

of multiple steps of forming and structural analyses in a 
single whole chain of simulations. 

However, building such an integrated numerical 

framework is not yet possible for all configurations. In 

particular, the stage of surface treatment is hard to 

integrate in this global framework. After forming 

operations, surface treatment is often used to improve 

specific final properties of industrial components. 

Depending on the process – thermal treatment with or 
without chemical environment (nitriding, carbonitriding), 

mechanical surface treatment (shot peening, deep rolling 

…) – mechanical properties and materials microstructure 

are significantly modified. Two examples are discussed 

in the following. 

-  Shot peening 

Shot peening is often used after forging to improve 

fatigue properties. Shot peening (SP) is a cold hardening 
process used to generate compressive residual stresses 

that increase the mechanical fatigue strength of the 

treated surfaces. In the SP process, the treated surface is 

hit with small and hard spherical beads, called shots. The 

peened surface deforms plastically and compressive 

residual stresses appear in a superficial layer under its 

skin. However, SP also impacts surface roughness and 

may have negative effects depending on shots diameters, 
velocities and projection angle.  

In [8, 9], multi-impact shot peening is modelled using 

Forge® on a 3D RVE. Influence of shots size and 

distribution as well as covering rate are analyzed with 

respect to final residual stresses and surface roughness. 

Figure 4 shows different residual stress profiles and its 

average value after multi-impact shot peening. These 

residual stresses and surface roughness results are 
obtained on small RVEs. Indeed it is not possible to 

model the whole SP process at the component scale. It is 

thus necessary to find a way to map such local results on 

the whole component and to improve fatigue criteria in 

order to account for this new input data [10].  

- Carbonitriding 

Automotive seat flanges (as presented in section 3) 

and pinions are generally carbonitrided after cold forming 
stages. Carbonitriding is a thermochemical treatment 

leading to high surface hardness and good toughness 

properties. The resulting carbonitrided layer is thin 

(hundreds of microns) and presents a gradient of 

microstructure and of mechanical properties. Its fracture 

behaviour is also significantly modified.  

In [11] failure mechanisms of carbonitrided pinions 

were studied. It showed a quite fast brittle failure of the 
carbonitrided layer followed by cracks arrest in the 

transition area before final ductile failure with shear 

localization in the core material.  

Accounting for such a thermochemical treatment in 

the integrated approach gives rise to many metallurgical, 

mechanical and numerical challenges: prediction of 

carbon diffusion and influence on phase evolution, 

identification of gradient properties, failure mechanisms 

in the carbonitrided area and transition in the core 

material, numerical modelling of functionally graded 

materials on a very thin layer compared to the 

components scale…  

 

Figure 4. Residual stresses obtained after shot peening 
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