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Abstract. The shear cutting process, which is the most common cutting technique in the sheet 
forming industry, is known for introducing damage to the cut edges of high strength metal. This 
damage may impair the forming- or fatigue properties of the material and can cause edge-cracking 
during forming or in-service part failure. The edge formability of a sheared edge is strongly linked 
with the appearance of large notches arising due to unfavorable process parameters. By numerical 
modelling of the shear cutting process with the possibility to vary important process parameters, 
the sheared edge damage can be detected and avoided in the manufacturing process. This work 
present numerical modelling of shear cutting in Advanced High Strength Steel using a novel 
Particle Finite Element Method approach. Numerical modelling of shear cutting processes over a 
large range of cutting clearances were conducted and validated against laboratory experiment 
results. The results showed that the PFEM modelling could detect the cut edge damages with the 
largest negative impact on formability, thus narrowing the feasible cutting clearance range.  
Introduction 
The shear cutting process is a common cutting technique in the sheet metal forming industry due 
to its cost-effectiveness and automation possibilities. However, the shear cutting process is known 
for inducing damage to the sheared edges that affect the formability and fatigue properties, 
especially for high strength metal sheets. Such damages may appear as micro-cracks, notches and 
residual stresses and are shown to be the driving cause of edge-cracking [1–5] and reduced fatigue 
life [6–11]. Larour et al. [12] showed that sharp geometrical notches such as secondary burnish, 
excessive burr or rough fracture surfaces have a strong negative influence on the sheared edge 
formability. The appearance of such geometrical defects is controlled by the cutting clearance, 
which accordingly is considered an influential cutting process parameter with regards to edge 
formability. Numerical modelling of the shear cutting process can furthermore be an efficient tool 
for predicting defects along the cut edge, enabling cutting process optimization, and preventing 
edge-cracking. However, numerical modelling of shear cutting requires robust numerical handling 
of large material deformation, which is challenging using conventional Finite Element Methods as 
element distortion during excessive deformation impair the numerical accuracy. Therefore, the 
Particle Finite Element Model (PFEM) is applied in this work for the numerical modelling of the 
shear cutting process, as it efficiently handles the large deformation involved in cutting processes 
[13–16]. In this work, an axisymmetric PFEM formulation is used for modelling of hole punching 
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processes that predicts the cut edge morphologies over a large range of cutting clearances. By 
numerically predicting the appearance of secondary burnish and burr, the model determines the 
feasible cutting clearance range for a complex-phase AHSS grade of 1.5 mm thickness. The 
experimental work used for validation of the numerical modelling was presented by Larour et al. 
[12] and gives the average cut edge zone distribution of punched holes for varying cutting 
clearances and the corresponding hole expansion ratio (HER) that describes the formability of the 
punched hole. By predicting the experimental cut edge shapes, including notches such as burr or 
secondary burnish, and the clear trend between cut edge shape and experimental HER values state 
the applicability of the PFEM model as an effective tool for predicting the optimum range of 
cutting clearances for the studied AHSS grade. 
The Particle Finite Element Method 
PFEM was originally developed by Idelsohn et al. [17] for modelling of incompressible free-
flowing surfaces and fluid structure interactions. However, its efficiency in large material 
deformation and predicting new boundaries makes it suitable for non-linear solid mechanics. This 
was shown by Rodiguez et al. [15,18–21] for modelling of orthogonal cutting using thermo-
mechanical material modelling. Similarly, Oñate et al. [16] showcased numerous examples of non-
linear solid mechanics application for PFEM. A recent publication by Sandin et al. [13] applies 
PFEM for shear cutting of AHSS, where the accuracy and robustness of PFEM for this process is 
highlighted.  
Even though PFEM can be applied on various mechanical problems, the following modelling steps 
are fundamental [22]: 

• Define a volume with a particle distribution. 
• Connect the particles using Delaunay triangulation. 
• Solve the governing equations using a Lagrangian framework. 
• Perform re-connectivity of the particles continuously to prevent element distortion. 

Transfer results variables. 
•  The α-shape method, or constrained α-shape method [23] as in this work, defines the 

internal and external boundaries.  
 
Fig.  1 shows the schematic steps of PFEM in a shear cutting context from initial configuration 

and over a set of time steps. 
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Fig. 1: Schematic steps of the PFEM procedure for shear cutting. Starting from initial time step 

𝒕𝒕𝟎𝟎 to time step 𝒕𝒕𝒏𝒏+𝒙𝒙. 
The benefits of using PFEM in large deformation solid mechanics are discussed in [13], which 

in short describes the efficient re-meshing algorithm and computational robustness in large 
deformations as the main advantages over the conventional Finite Element Method. Meanwhile, 
the computational efficiency of PFEM is an advantage when comparing it to various mesh-less or 
particle methods that are developed for large deformation mechanical analysis. The PFEM scheme 
can insert particles in localized areas for increasing accuracy and can remove particles in redundant 
areas for reducing the computational cost. However, such operations should be done sparingly as 
extensive introduction or removal of particles may cause results smoothing or diffusion. Therefore, 
a fine initial discretization of the problem is suggested. 
Constitutive modelling 
This work investigates a Complex Phase steel grade with high ductility, named as CP1000HD. It 
is an AHSS grade commonly used in the automotive industry for structural components. Its loading 
response was described using an elasto-plastic material model, combined with a ductile damage 
model for prediction of material failure. The elasto-plastic material behavior was calculated by an 
iterative radial return method using a Stiebler et al. [24] model, shown in Eq. (1), for defining the 
plastic response. The Stiebler model was calibrated by experimental data from hydraulic bulge 
testing according to IS0 16808 [25]. The experimental bulge data and the model fitting is shown 
in Fig.  2 and the Stiebler parameters 𝑐𝑐1 to  𝑐𝑐4 are shown in Table 1 and a Young’s modulus of 210 
GPa was assumed. The tensile mechanical properties of the material are presented in Table 2. 

 
𝜎𝜎��𝜀𝜀𝑝𝑝� = 𝑐𝑐1 + 𝑐𝑐2 ∙ 𝜀𝜀𝑝𝑝 + 𝑐𝑐3 ∙ (1 − 𝑒𝑒𝑐𝑐4∙𝜀𝜀𝑝𝑝) (1) 
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Fig. 2: Plastic hardening response from hydraulic bulge experiment and the fitted Stiebler 

plasticity model. 
Table 1: Stiebler plasticity model parameters after curve fitting to experimental hydraulic bulge 

testing. 

𝑐𝑐1 
[MPa] 

𝑐𝑐2 
[MPa] 

𝑐𝑐3 
[MPa] 

𝑐𝑐4 

909.5 296.6 229.3 31.1 
 

Table 2: Tensile mechanical properties of the CP1000HD grade, stating the rolling direction 
(RD), yield strength (Rp02), tensile strength (Rm), uniform elongation (Ag), total elongation 
(A80), n-value (nAg), r-value (r) and fracture toughness measured by the essential work of 

fracture method (EWF) transverse to RD. 

RD Rp02 [MPa] Rm [MPa] Ag [%] A80 [%] nAg r EWF [kJ/m2] 
0° 893 1052 7.3 11.1 0.071 0.91 - 
45° 905 1052 7.0 10.6 0.068 1.02 - 
90° 909 1062 7.1 10.7 0.068 0.96 282 

 
The damage- and failure modelling implemented in the PFEM scheme was based on the 
Generalized Incremental Stress State Dependent Damage Model (GISSMO), developed by 
Neukamm et al. [26] and provides a stress-state dependent damage- and failure behavior. The 
stress-state was defined by the stress triaxiality 𝜂𝜂 and Lode angle parameter 𝜃̅𝜃, expressed in Eq. 
(2) and Eq. (3) respectively, where 𝝈𝝈 is the Cauchy stress tensor and 𝒔𝒔 is the deviatoric stress 
tensor. 

 

𝜂𝜂 =
tr(𝝈𝝈)
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The damage- and failure model accumulates a damage parameter 𝐷𝐷 according to Eq. (4), where 

𝑛𝑛 is the rate of damage accumulation, 𝜀𝜀𝑓𝑓(𝜂𝜂, 𝜃̅𝜃) is the effective plastic failure strain, and 𝜀𝜀𝑝̇𝑝 is the 
effective plastic strain increment. 

 

𝐷̇𝐷 =  
𝑛𝑛

𝜀𝜀𝑓𝑓(𝜂𝜂, 𝜃̅𝜃)
𝐷𝐷�1−1𝑛𝑛�𝜀𝜀𝑝̇𝑝 (4) 

 
Similarly, an instability parameter 𝐹𝐹 accumulates according to Eq. (5), where 𝑒𝑒𝑖𝑖(𝜂𝜂) is the 

effective plastic instability strain and 𝑚𝑚 is the material degradation rate. 
 

𝐹̇𝐹 =  
𝑚𝑚

𝜀𝜀𝑖𝑖(𝜂𝜂)
𝐹𝐹�1−

1
𝑚𝑚�𝜀𝜀𝑝̇𝑝 (5) 

 
When 𝐹𝐹 = 1, damage coupling to the stress tensor is activated to account for the loss of load 

bearing capacity due to void growth. This reduction of material strength is common in ductile 
metals, such as CP1000HD or similar AHSS grades. The damage related coupling to the load 
bearing capacity is defined according to Eq. (6), where 𝐷𝐷𝑐𝑐 is the accumulated value of 𝐷𝐷 when 
𝐹𝐹 = 1. 

𝜎𝜎� = 𝜎𝜎�1 − 𝐷𝐷�� where 𝐷𝐷� = �
𝐷𝐷 − 𝐷𝐷𝑐𝑐
1 − 𝐷𝐷𝑐𝑐

�
𝑚𝑚

 (6) 

 
When the damage parameter 𝐷𝐷 reaches a critical threshold value of 𝐷𝐷 = 0.99, the stiffness of 

the element is lost, and the element is removed from the post-processing for clearer visualization 
of the material failure.  

 
Experimental values of effective plastic failure strain were obtained using Digital Image 

Correlation (DIC) according to the work by [27]. This method extracted the strain field with a 
square 0.1 mm grids continuously during tensile testing of various tensile specimen and the 
effective plastic failure strain and the corresponding stress-state was calculated for each specimen. 
The specimens were designed to deform and failed at designated stress-states, thus cover a wide 
range of stress-states. This procedure enabled calibration of a failure locus, providing 𝜀𝜀𝑓𝑓(𝜂𝜂, 𝜃̅𝜃)  for 
the complete stress-state space. In this work, the Modified Mohr-Coulomb (MMC) locus 
developed by [28,29] was calibrated due to its renowned accuracy in failure modelling of ductile 
AHSS grades. Eq. (7) states the MMC equation, reduced to von Mises plasticity, where parameters 
𝐶𝐶1 to 𝐶𝐶3 were calibrated with a least-squares fitting to the experimentally obtained values of the 
stress-state dependent effective plastic failure strains.  
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(7) 

 
Eq. (8) relates the Lode angle parameter 𝜃̅𝜃 to the stress triaxiality for plane stress assumption, 

which is considered during the tensile testing of the thin tensile specimen. Table 3 states the values 
of the calibrated parameters 𝐶𝐶1 to 𝐶𝐶3 for the CP1000HD MMC failure locus. 
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Table 3: Calibrated MMC parameters for the CP1000HD material. 

𝐶𝐶1 𝐶𝐶2 𝐶𝐶3 
0.1103 1.7166 0.4003 

 
A critical topic of using such local phenomenological damage- and failure models is the mesh 

size dependency effects. As the experimental values of the effective plastic failure strains were 
determined using DIC facets of 0.1 mm, the values of 𝜀𝜀𝑓𝑓(𝜂𝜂, 𝜃̅𝜃) were only valid for such element 
size. Smaller elements than the nominal 0.1 mm could reach the failure strain values in localized 
zones earlier in the deformation event than the nominal sized elements, thus failure would be 
prematurely predicted. To overcome this mesh size implications, mesh regularization according to 
[30] was applied. The mesh regularization technique scales the failure strain values according to 
the element size such that the failure behavior matches for all element sizes. The regularization 
factors were determined iteratively on a small-scale model subjected to simple shear. 
Axisymmetric PFEM punching model 
The axisymmetric PFEM model is schematically shown in Fig. 3, where the tools (dark grey) and 
blank (grey) are shown, along with the symmetry axis and the cutting clearance.   

 
 

 
Fig. 3: Schematic overview of the axisymmetric PFEM model. 

Small strain elasticity was applied to the tool parts, while the blank was assigned the elasto-
plastic material model combined with the ductile damage model. A mixed displacement-pressure 
formulation was applied to the blank for avoiding volume locking issues that otherwise can occur 
using triangular elements with a single Gauss point. The mixed displacement theory was based on 
the work by Rodriguez et al. [18]. 

The process parameters of the various load cases are stated in Table 4, where the cutting die 
diameter was changed to vary the cutting clearance. As seen in Table 4, the tool edge radii were 
assumed to be circular with a radius of 30 𝜇𝜇m, which represents sharp cutting tools. Laboratory 
punching experiments using the same clearances as in Table 4 were conducted with punching 
speeds of 0.05-2 mm/s which can be estimated as quasi-static conditions. The punching 
experiments were conducted using a servo-hydraulic clinching machine equipped with a dedicated 
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ISO 16630 HET tool according to [31].  The low cutting speeds justifies the lack of strain rate 
dependency in the PFEM shear cutting model.  

 
Table 4: Process parameters for experimental and numerical punching configurations, showing 
the punch diameter (DPunch), die diameter (DDie), punch edge radius (RPunch,edge), die edge radius 

(RDie,edge) and blank thickness (TBlank). 

Clearance [%] DPunch [mm] DDie [mm] RPunch,edge [μm] RDie,edge [μm] TBlank [mm] 
5.3 9.996 10.155 30 30 1.5 
12.1 9.996 10.360 30 30 1.5 
20.5 9.996 10.612 30 30 1.5 
27.0 9.996 10.806 30 30 1.5 

 
Results and discussion 
The results from the different experimental and numerical hole punching configurations shown in 
Table 4 are presented in Fig. 4. It compares the distribution of each cut edge parameter (Roll-over, 
Burnish, Fracture and Burr) over the range of cutting clearances, 5.3%-27.0%, and the error bars 
in Fig. 4 presents the circumferential variation of the experimental cut edge parameters. The 
validation results shows that the PFEM numerical modelling can with good accuracy predict the 
experimental cut edge morphology. The numerical model can predict the appearance of burr at 
27.0% cutting clearance, which according to Larour et al. [12] was proven as detrimental to edge 
formability. The results shows that the axisymmetric assumption was well justified for 12.1% and 
20.5% cutting clearance, while a significant circumferential variation for 5.3% cutting clearance 
and a partial burr formation for 27.0% cutting clearance need 3D capabilities to be modelled 
exactly. However, this will increase the simulation time tremendously. 

  

 
Fig. 4: Experimental (light grey) and numerical (dark grey) hole punching results in terms of cut 

edge parameters for the range of cutting clearances. 
For 5.3% cutting clearance, the formation of secondary burnish was distinguished, as presented by 
Fig. 5 b). Here, the mismatching fracture angles 𝛼𝛼𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑃ℎ and 𝛽𝛽𝐷𝐷𝐷𝐷𝐷𝐷 cause the secondary burnish 
formation, as the cracks appearing at punch and could not be connected. However, the complex 
loading conditions of the secondary burnish formation, with bending and sudden change of fracture 
angle caused convergence issues using the implicit PFEM scheme. Therefore, the numerical 
modelling of the entire punching process of 5.3% was not able to finalize, but the fracture pattern 
of Fig. 5 b) manifests the formation of a secondary burnish surface. The cut edge parameters of  
Fig. 4 for 5.3% cutting clearance were furthermore based on the geometric markers of Fig. 5 b). 
Concludingly, further development of the PFEM implementation should incorporate explicit- or 
implicit dynamic schemes that can handle secondary burnish formation in a more computationally 
stable matter. 
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a) 

 
b) 

Fig. 5: Cut edges a) 12.1% cutting clearance and for b) 5.3% cutting clearance. a) shows the 
final cut edge where the ordinary cut edge shapes of roll-over, burnish and fracture were 

distinguished. Here the matching fracture angles (𝜶𝜶𝑷𝑷𝑷𝑷𝑷𝑷𝑷𝑷𝑷𝑷, 𝜷𝜷𝑫𝑫𝑫𝑫𝑫𝑫) creates a uniform fracture 
surface. Meanwhile b) shows the mismatching fracture angles (𝜶𝜶𝑷𝑷𝑷𝑷𝑷𝑷𝑷𝑷𝑷𝑷, 𝜷𝜷𝑫𝑫𝑫𝑫𝑫𝑫) and the 

corresponding secondary burnish formation. The length of the secondary burnish surface is 
estimated from the length of Burnish 2. 

Conclusions 
Based on the comparison between experimental and numerical shear cutting results, following 
conclusions are drawn: 

• The presented PFEM shear cutting model is an accurate numerical tool for predicting 
the cut edge morphology over a large range of cutting clearances. The PFEM scheme 
ensures that element aspect ratios are kept adequate, and the ductile damage modelling 
enables modelling of the fracture process. 

• By predicting the appearance of both secondary burnish (small clearance) and burr 
(large clearance), the PFEM model is useful for determining the feasible cutting 
clearance range for the AHSS grade investigated. 

• The good correlation between experimental and numerical cut edge morphologies 
indicates that the residual cut edge results are useful for subsequent analysis of edge 
forming of fatigue. 

• Given the circumferential variations of the experimental cut edge results it is suggested 
to investigate 3D PFEM shear cutting analysis. Such approach could further enhance 
modelling of subsequent forming- or fatigue analyses. 
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