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Abstract In order to cope with the difficulties of shearing

operations of press hardened steels, this work attempted to

optimize these processes. Herefore, it is necessary to

reduce the press forces and stresses in tools, while still

obtaining adequate sheared edge quality levels. To reach

this goal, different punch chamfer angles (0�, 2�, 7� and

20�) and relative cutting clearances (5, 10 and 15 % of the

sheet thickness) were tested in a cutting tool, which was

adapted in a way that different active elements could be

mounted. The tool was equipped with a measurement

system, which allowed the determination of the process

forces in three dimensions at each punch stroke. Basis was

an AlSi coated 22MnB5 sheet with a thickness of 1.5 mm.

In addition a finite element model was developed to predict

the stress distribution in tools and the sheared edge quali-

ties. According to the experimental results the application

of a 20� chamfer angle succeeded to reduce the forces and

stresses of tools, but the sheared parts had a poor quality. In

contrast, the 7� chamfer angle gave lowest tool stresses and

sufficient part qualities, but the forces were very high. The

simulation results agreed with the experimental data,

except for the prediction of the rollover zone. These

deviations were attributed among others to the presence of

the AlSi coating, which was not considered.

Keywords Shear cutting � Press hardened steel � Force

measurement � FEA

1 Introduction

The development of integrated lightweight designs and the

use of smart materials and manufacturing processes offer

the automotive industry a substantial opportunity to suc-

cessfully upgrade the current vehicle standards according

to the increasing demands on safety and sustainability.

However, to implement lightweight designs in cars, criteria

such as functionality, production volume and costs must

first be harmonized. The accomplishment of this aim will

depend on the right choice of materials, the performance

and efficiency of the manufacturing processes, which allow

to produce vehicle parts from them.

Steel and aluminum are already part of many light-

weight designs, and fiber-reinforced plastics will also soon

be used for structural parts [1]. Moreover, press hardening

technologies are steadily broadening their application in

the field of steel components, since they offer considerable

potential for minimizing component weight by reducing

the sheet thickness and producing components with tai-

lored distributions of microstructural and mechanical

properties [2]. However, one of the main discomforts of

using such press hardened steels (PHS) lies in post forming
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CTM Centre Tecnològic, Manresa, Spain

e-mail: Ingrid.picas@ctm.com.es

D. Casellas

e-mail: Daniel.casellas@ctm.com.es

123

Prod. Eng. Res. Devel. (2012) 6:413–420

DOI 10.1007/s11740-012-0404-8



processes, namely trimming or punching, which give the

components their final geometry. Industrial shearing pro-

cesses of PHS lead to symptomatic reduction of tool life

cycles due to the high required forces which directly

influence tool wear and numerous cutting shocks that also

negatively affect the press functionality [3]. High stresses

inside the tool, which can lead to early tool failure due to

chipping or fracture, are the consequence. The application

of warm and hot shearing operations is currently being

studied while the application of novel laser-assisted cutting

techniques is gaining acceptance among press hardening

users due to the latest improvements regarding efficiency

and productivity [4].

Considering mass production, shearing in a press is still

more attractive than other cutting techniques due to its high

productivity rates and low cost. Thus, in this work it is

desired to optimize shearing operations for PHS by

reducing process forces and tool stresses, but still achieving

adequate quality levels. Mackensen et al. [3] has shown

that standard shear cutting parameters, such as clearances

and cutting angles, have a significant influence on the

forces in a blanking process of advanced high-strength

steels (AHSS) and the shear angle significantly reduces the

cutting force. Picas et al. [5] in turn, has investigated the

punching process of DP1000 steel and has concluded that

nominal clearances must be comprised between the 10 and

15 % of the sheet thickness in order to prevent burr for-

mation and increase tool life. The presence of burrs and

other irregularities originated by shearing processes

strongly influence the mechanical behavior of PHS com-

ponents, e.g. their sensitivity to fatigue is very high [6],

therefore it is convenient to optimize press shearing pro-

cesses to reduce cutting forces, increase tool life and

reduce irregularities of sheet fractured edges.

With the aim of predicting the resulting sheet edge

shapes, the required forces and the stresses generated in

tools during shearing processes, numerical analyses are

typically performed by many authors. However, one major

difficulty of these analyses is the description of the ductile

fracture initiation, and many works have shown that

selecting fracture criteria might be harsh in the sense that

they fail at giving consistent results also for operating

conditions outside the calibration range [7]. However, So

et al. [8] using a Brozzo criterion with a critical damage

value C of 0.95, predicted the shape of the cutting edge of a

PHS in a blanking operation and they obtained a good

approximation with respect to the experimental results.

The objective of this work was to describe well the

phases of a shearing process of PHS, establishing the

elastic and plastic pre-bending steps and the registered

forces and stress distributions with regard to different

clearances and chamfer angles. To reach this goal, an

experimental set-up consisting in a tool design that allows

to measure process forces in three dimensions came to use,

so not only cutting but also shearing forces were obtained.

A finite element (FE) model was developed and the

numerical analysis of the process permitted to determine

the stress distribution generated in tools during one stroke

and to predict the shape of the sheared edges. Simulation

results were validated by the experimental tests, therefore

proper changes could be made in the model in order to

guarantee accurate results.

2 Experimental setup

The shear cutting tool, which had been developed at the utg

and was introduced in Mackensen et al. [3] is used. It is

equipped with a measurement system, which allows the

determination of process forces in three dimensions and

their correlation to the punch stroke.

Figure 1 shows the tool. It consists of three main parts:

upper tool, blankholder and lower tool. Within the lower

tool, four guide pillars are attached to the base plate and a

supporting guiding plate is integrated to accommodate the

shearing forces in x-direction. Furthermore the die is

attached to the die adapter, which can be moved on the

base plate in horizontal direction. The blankholder inlet is

attached to the blankholder plate. Via two gas pressure

springs, located in the upper tool, it applies the necessary

forces to clamp the sheet between die and blankholder inlet

during the cutting process. The punch, which is located in

the upper tool as well, is attached to the punch block. Here

four piezo-electric load cells are integrated and connected

in parallel. As the force measurement is carried out in main

force flow (direct force measurement), the load cells have

to be preloaded. Thus shearing forces can be transferred by

static friction between base and cover plates to the surface

of the sensor. A preloading of 160 kN per sensor addi-

tionally provides sufficient stiffness within the punch

block, which is needed to guarantee a constant cutting

clearance during the cutting process. To detect the move-

ment of the punch an inductive displacement transducer is

attached to the lower tool and measures the distance to the

top plate during the cutting process. This measuring system

is able to detect the components of the resultant force

vector and correlate them to the punch position.

Furthermore different active elements can be mounted

on the tool, which allows testing different punch geome-

tries regarding their chamfer angles as shown in Fig. 2.

Besides the punch geometry, also the cutting clearance is

adjustable.

The relative cutting clearances 5, 10 and 15 % of sheet

thickness and the chamfer angles 0�, 2�, 7� and 20� at the

punch were examined, while the die was always kept non

chamfered. To verify the repeatability five strokes were
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accomplished for each configuration. The used sheet

material was Aluminum Silicon (AlSi)-coated, press-

hardened 22MnB5 with a thickness of 1.5 mm and was

provided by Gestamp HardTech. Its characteristic proper-

ties are as follows: Re = 1,100 MPa; Rm = 1,500 MPa;

A80 = 5 %. The tests were carried out on a single-action

hydraulic press with a maximum capacity of 3,200 kN. The

tool was mounted in the press by connecting the top plate

to the press slide and the base plate to the press table via

mounting devices.

Part quality in respect to cutting clearance and chamfer

angle was examined in addition to process forces. There-

fore the cut parts were analyzed with a profile measurement

device of Mahr Company (MarWin XC 20, PCV). With a

scanning accuracy of 1 lm a thin needle scratches along

the sheared edge and thus detects the size of the parameters

rollover, clean-shear, fracture and burr. Out of each test

series all five parts were analyzed with three profile mea-

surements on each part.

3 Material model and finite element modeling

3.1 Plasticity modeling and characterization

The researched PHS sheets were provided by Gestamp

HardTech. For the simplified material characterization it

was assumed that these press hardened sheets exhibit

insignificant anisotropy in plasticity. That is, the material

behavior is isotropic and hence von Mises isotropic yield

criterion was applied in this paper. Furthermore, the asso-

ciated flow rule and isotropic hardening were used for the

yield function. Two empirical models Ludwik, Eq. (1) and

Hockett-Sherby, Eq. (2) were used to describe the material

hardening at a high strain.

�r ¼ r0 þ A�en ð1Þ
�r ¼ rsat � ðrsat � r0Þ � expð�k�emÞ ð2Þ

where �r and �e are equivalent stress and strain defined by

the yield condition, while A, n, r0, rsat, k and m are

material parameters to be calibrated. These hardening

parameters were determined by fitting the averaged stress–

strain curve obtained from uniaxial tensile tests along the

rolling direction. For the present 22MnB5 sheet the

parameters are: A = 1,628.8, n = 0.362, r0 = 1,170.2,

rsat = 1,645.7, k = 72.602 and m = 0.898. Based on this,

it was possible to achieve a best fit to the experimental

tensile test data using a linear combination of two models

with the linear combination factor a of 0.11 as follows:

�r ¼ a � �rLudwik þ ð1� aÞ � �rHockett�Sherby ð3Þ

As the determined flow curve was achieved only from

the tensile test data, the simulation results were verified by

the experimental data of the presented shear cutting tests.

Fig. 3 shows the material hardening curves with the

calibrated parameters.

3.2 Phenomenological fracture criterion

The damage evolution of phenomenological fracture cri-

teria is represented by the definition of the overall damage

variable as follows:

D ¼
Z�ef

0

d�e

�efðg; �hÞ
ð4Þ

Top Plate

Base Plate

Blankholder
Plate

Load Cell

Sheet

Gas Pressure Spring
Punch Block

Guide 
Pillar

UPPER TOOL

BLANKHOLDER

LOWER TOOLx y

z

Fig. 1 Design of shear cutting

tool

4 mm

α

25 mm

35 mm
R0,1 mm

50 mm
Sheet

Fig. 2 Punch geometry; chamfer angle a = 0�, 2�, 7�, and 20�
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where �e is the equivalent plastic strain, g is the stress

triaxiality, g ¼ rm=�r, rm is the mean stress, �r is the

equivalent stress and �h is the normalized Lode angle, which

is defined as

�h ¼ 1� 6h
p

ð5Þ

Since the range of Lode angle is 0 B h B p/3, the range

of �h is �1� �h� 1. The fracture occurs when the damage

indicator D = 1 on the assumption that damage is

characterized by the progressive degradation of the

material stiffness and thus leads to failure [9].

According to the most recent study [10], the fracture

locus is a monotonic function of the stress triaxiality

parameter g, and an asymmetric function of the Lode angle

parameter �h. This equation represents the locus of all stress

states under which fracture is achieved along the propor-

tional loading path. This function could be either found by

fitting a certain number of experimental points or by

making use of a phenomenological model such as the

Modified Mohr–Coulomb (MMC) fracture criterion [10].

According to this model, if a von Mises yield function is

used, the function �efðg; �hÞ is uniquely defined by the fol-

lowing form:

�efðg; �hÞ

¼ A

C2

ffiffiffiffiffiffiffiffiffiffiffiffiffiffi
1þ C2

1

3

s
cos

�hp
6

� �
þ C1 gþ 1

3
sin

�hp
6

� �� �2
4

3
5

8<
:

9=
;
�1=n

ð6Þ

where A and n are the strength coefficient and the exponent

of the hardening rule, respectively. The fracture parameter

C1 is often referred to as a friction coefficient and C2 is

shear resistance [11]. The procedure for calibrating the

fracture parameters is described in detail in [12]. For the

present 22MnB5, the plasticity and fracture parameters are:

A = 1,628.8, n = 0.362, C1 = 0.3 and C2 = 1,053.9 and

the 2D MMC fracture locus is displayed in Fig. 4.

This calculated fracture model is used in shear cutting

simulations.

3.3 Finite element modeling

All the finite element simulations of the present cutting

processes are performed with ABAQUS/Explicit v6.10.

Having a sheet width that is far larger than the sheet

thickness, the shear cutting process is modeled two-

dimensionally under the plain strain condition. The finite

element model consists of blankholder, punch, die and

elasto-plastic sheet. To evaluate the stress distribution of

the punch and die during the cutting process, the punch and

die are modeled as elastically deformable bodies and the

blankholder as rigid body in ABAQUS. The sheet is

modeled by 17000 four-node plain-strain solid elements

with reduced integration technique (CPE4R). The crack

initiation and propagation is simulated using the element

deletion technique. To run the simulations more efficiently

without distorting results, an acceptable mass scaling (100

times) is employed. A constant related blankholder force of

400 N/mm clamps the sheet during the cutting process. All

existing contacts are modeled with a standard friction

coefficient of 0.1.

4 Results and discussion

4.1 Experimental results

Figure 5 shows the process forces curves for a non cham-

fered punch at 5 % cutting clearance. The curves match

very well regarding the maximum forces and therefore

demonstrate good repeatability of the cutting tests. The

ε

σ

Fig. 3 Plastic hardening curves of press hardened 22MnB5

Fig. 4 2D MMC fracture loci under plane stress and plane strain

conditions
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point of fracture varies within 0.04 mm. Furthermore it

depicts the five stages of the cutting process. In stage one,

represented by the positive curvature in the origin, the

punch touches the sheet. In stage two further penetration of

the punch leads to elastic deformations and thus to a linear

acceleration of the curve. Here a bending moment based on

the cutting and the shearing forces is induced around the

cutting edge of the die and bends the sheet. Thus, the punch

only contacts the sheet within a small rectangular area, as

the remaining sheet lifts off. When the linear curve starts to

curve negatively the third stage begins. At this point the

yield strength of the sheet material is reached and it deforms

plastically. The material is being work-hardened while the

cross section area reduces. After the maximum cutting force

is reached, the reduction of the section area predominates,

which leads to a decrease of the cutting force. The maxi-

mum measured cutting force is 71.1 kN. A theoretical cal-

culation of the cutting force can be done with Eq. (7):

Fmax ¼ c � s � l � rm ð7Þ

Here s is the sheet thickness, l the sheet width and c the

shearing constant, which depends on the sheet material. In

general it varies between 0.6 for material showing high

yield strength and 0.9 for materials with low yield strength.

Using 0.6 the theoretical value adds up to 69.8 kN,

showing a deviation of 1.9 % to the experimental value.

The appearance of small cracks in the sheet indicates that

its fracture strength is reached. The cracks eventually lead to

complete fracture, which is represented in the steep decline

of the curves in stage four. The fracture releases the elastic

energy of the press, which usually manifests in oscillations of

the curve. In this press, however cutting impact dampers

were used, which compensate the oscillations. In stage five,

which was not an object of investigation, the punch moves

back up. The shearing forces show similar curves as the

cutting forces with a much lower and less distinct maximum.

Figure 6b shows the process forces curves in respect of

the chamfer angles. When chamfered punches are used the

curves differ in discontinuance during their elastic accel-

eration. This is due to the plastic prebending through the

chamfer. When the punch touches the material, a short

period of elastic deformation is followed by plastic bend

forming, which is dependent on the size of the chamfer

angle. After the end of the chamfer is reached the cutting

edge hits the material and starts the actual cutting process

and the curves continue as shown in Fig. 5. For 2� and 7�
angle the maximum forces are higher than for 0�. Only for

20� a reduction of the maximum force is reached. This is

due to the strong prebending, which initiates small cracks

before the cutting edge hits the sheet. Maximum shearing

forces are higher for all chamfered punches.

In Fig. 6c the dependency of process forces on cutting

clearance is shown on the example of a non chamfered

punch. It can be seen that larger cutting clearances lead to

lower maximum forces and later fracture. A larger cutting

clearance generates larger bending due to the increased

lever arm, which results in the described later fracture of the

material. Further results regarding the part quality are

1 2 3 4 5
Phases of cutting process:

1  Full contact of punch

2  Elastic deformation

3  Plastic deformation

4  Cracking and fracture

5  Back stroke of punch
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N
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Fig. 5 Cutting forces FZ and

shearing forces FX during shear

cutting process of PHS in

experimental testing, sheet

thickness: 1.5 mm, sheet width:

50 mm, relative cutting

clearance: 5 %, non-chamfered

punch, five test series
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shown in Figs. 6a and 7. As the sheet material is very brittle

and its tensile strength is very high it shows comparable

small values for rollover and clean-shear, but high per-

centage of fracture. Figure 6a shows the shearing surfaces

for different chamfer angles. Rollover increases with an

increasing chamfer angle due to prebending. The remaining

surface parameters are very similar for 0�, 2� and 7� fracture

angle. A different surface occurs only for 20� fracture angle.

It consists of an inhomogeneous variation of clean-shear

and fracture and a very large burr. With an increase of the

cutting clearance as shown in Fig. 7 the sheared surfaces do

not show significant differences. There is a small increase of

rollover and decrease of the fracture angle b for an

increased cutting clearance.

4.2 Validation of simulation model

To validate the simulation model sheared edge qualities

and maximum forces from experimental testing were

compared to simulation results. Figure 7 shows the sheared

edge qualities for different cutting clearances. The goal

was to establish the fracture criteria in a way that fracture

starts at the same punch position as in experimental testing.

Therefore the amount of rollover and clean-shear should

match. A matching of clean-shear could be achieved well,

regarding the rollover, however, large deviations occurred.

A possible explanation for these deviations can be the AlSi

coating, which was not considered in the simulation. The

reason is, that effects resulting from the inhomogeneity of
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the coating, lead to gradients in the third direction and

therefore need a 3D model. Furthermore there are not

enough material properties and mechanisms available for

the realization of the coating in FE-simulation. In the

experiments the coating chips of near the cutting edge. This

is shown in the right side of Fig. 7 by the small step at the

beginning of the sheared edge, which increases the size of

the rollover zone. The differences in the area of fracture

have only numerical reasons and no physical meaning.

Regarding the cutting forces, which are summarized in

Fig. 9, a maximum deviation of 9 % occurs for 20�
chamfer angle in combination with 5 % relative cutting

clearance. The shearing forces show higher deviations,

which can be again caused by the AlSi coating that supplies

a rough surface with high friction values. This was proven

by results from experiments with non-coated 22MnB5,

which show reduced process forces. For 5 % relative cut-

ting clearance the cutting forces were reduced by 2.7 %

whereas the shearing forces were reduced by 16.5 % to

18.2 kN, which shows good correspondence with the

simulation results.

Except for the coated layer the simulation results

resemble the experimental results well enough to use the

FE-model for the analysis of stress distribution within

punch and die of the cutting tool.

4.3 Simulation results

A FE-Simulation was carried out to determine stress dis-

tributions within the active elements during the shear cut-

ting process. The focus was set on the punch, as it

commonly fails first. The following figure shows the von

Mises stress distribution in the punch and the maximum

von Mises stresses along the punch stroke. The absolute

maximum of 2,100 MPa occurs at the change from elastic

to plastic deformation of the material, which differs from

the punch position that shows maximum forces. After the

maximum is reached the stresses gradually decrease until

the fracture is initiated and forces and stresses promptly

decline to zero. Locally the maximum stresses occur in the

area of the cutting radius, where they move along a bent

line from I to VI as shown in Fig. 8.

A summary of all maximum von Mises stresses as well

as all maximum process forces from simulation and

experiment are shown in Fig. 9. The stresses behave con-

trary to the maximum forces. Hence an increasing cutting

clearance results in smaller process forces, but higher

stresses. The smallest von Mises stress occurs for 7�
chamfer and 5 % cutting clearance, here however, the

highest cutting forces occur in simulation and in experi-

ment. To explain this phenomenon the contact area

between punch and sheet was taken into account. Due to

the higher bending moment for larger cutting clearances,

the sheet is bent away from the punch, which leads to a

reduction of the contact area and therefore to higher

stresses.

5 Conclusion

Within this research project, the possibilities for a reduc-

tion of the cutting and shearing forces during the shearing

operation of PHS sheet materials as well as for the resulting

stresses inside the punch were investigated. Therefore, an

experimental shear cutting tool was introduced to deter-

mine the cutting and shearing forces and a FE-simulation

model was presented to examine the stresses. Furthermore

part quality was analyzed via profile measurements. The

results of the determined force displacement curves
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Fig. 9 Maximum cutting and shearing forces and maximum von

Mises stresses in punch for all simulations and experiments
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showed that the process parameters, cutting clearance and

chamfer angle of the punch, have significant influences on

the forces and stresses occurring during the cutting process.

The application of a 20� chamfer angle led to a significant

force reduction while stresses were fairly low, however

parts could not reach sufficient quality. Using a 7� chamfer

angle minimum stresses and sufficient part quality could be

achieved, however very high forces occurred. In future

work, the influence of the cutting process parameters on

wear development and tool failure will be investigated.
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