
Vol.:(0123456789)1 3

https://doi.org/10.1007/s12289-022-01669-5

ORIGINAL RESEARCH

Influence of Sheet Metal Pre‑forming on Edge Crack Sensitivity using 
an AHSS Steel Grade

M. Feistle1   · A. Kindsmüller1 · I. Pätzold1 · R. Golle1 · W. Volk1

Received: 21 May 2021 / Accepted: 14 February 2022 
© The Author(s) 2022

Abstract
Especially in the automotive sector, high-strength sheet materials are processed in the manufacturing industry. These steels 
often show a pronounced sensitivity to edge cracks. Because of this, many edge crack testing methods for a wide variety 
of stress conditions have been developed to describe the edge crack sensitivity of a material. Only the hole expansion test 
according to ISO 16630 has been standardized. However, the standardization has some gaps in the process description, 
which has resulted in test modifications. Another disadvantage is the dependence of the results on the machine operator. In 
the past, the influence of the shear cutting parameters die clearance, cutting edge geometry, and type of cutting line on the 
edge crack sensitivity was only calculated for undeformed sheet materials. Not only are shear cutting operations carried out 
on undeformed sheet blanks in the context of the manufacturing of sheet metal components, but more and more pre-formed 
sheets are mechanically separated and subsequently further formed. Therefore, it is essential to consider the influence of the 
type and amount of pre-forming introduced on the sensitivity of a material to edge cracks. The discrete types of pre-forming, 
uniaxial tension, plane strain, and equi-biaxial stretch forming were introduced to sheet metal blanks using dual-phase steel. 
The Edge-Fracture-Tensile-Test was used to identify the residual formability of the undeformed and pre-formed specimens. 
The Edge-Crack-Sensitivity-Factor K

ec
 , which can be used to predict edge cracks in a finite element forming simulation, was 

determined from the recorded major strains for selected parameter configurations.

Keywords  Edge crack · Edge-Fracture-Tensile-Test · Edge-Crack-Sensitivity-Factor · Pre-forming · Cutting · 
CR440Y780T-DP

List of symbols
Symbol	� Parameter
A 	� Elongation at break
i 	� Natural number
r 	� Cutting edge radius
Re 	� Yield strength
Rm 	� Tensile strength
u 	� Relative die clearance
�i  	� Logarithmic major strain in the main 

direction i
�i  	� Average logarithmic major strain in main 

direction i

List of abbreviations
Abbreviation	� Term
Bi	� Equi-biaxial pre-forming
DIC	� Digital image correlation
EFTT	� Edge-Fracture-Tensile-Test
Ps	� Plane strain pre-forming
Pre	� Pre-forming
Ref	� Reference
Ts	� Tension

Introduction

Since automotive and commercial vehicle manufacturers 
have to continuously reduce the risk of injury to occupants 
in the form of prescribed crash scenarios and at the same 
time reduce the vehicle weight concerning the reduction in 
nitrogen oxide emissions, formed components with a high 
degree of functional integration made from high-strength 
and ultra-high-strength steel grades are integrated into the 
body and chassis of passenger cars or frame structures of 
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commercial vehicles. To realize these reductions, sheet 
materials with high formability and high material strength 
are required, with initial sheet thicknesses between 
0.8–8.0 mm. In this context, the processing industry is 
increasingly turning to dual-phase steels. Due to the lack 
of experience in handling these steels, the high material 
strength, and the outdated standards and guidelines, new 
challenges often arise during processing commonly caused 
by the formation of so-called edge cracks on shear cut sur-
faces during component forming. When shear cutting, high 
strains occur in the shear-affected zone [1, 2], the material 
is work hardened in this area, and consequently, the resid-
ual formability of the cut surface or the component edge is 
reduced compared to the undeformed base material. The 
component edge is subjected to an approximate uniaxial 
tension during component manufacture. This stress can lead 
to the formation of an edge crack [3]. Numerous test meth-
ods such as the hole expansion test according to ISO 16630 
[4], the collar-forming test according to VDI 3359 [5], and 
the Diabolo test [6] have been developed to determine the 
edge crack sensitivity of a material. In most test methods, 
the failure of the specimen edge is forced and there is fric-
tional contact at the edge to be characterized during the 
test, which affects the quality of the results. In addition, 
the edge of the specimen is not necessarily subjected to a 
tensile stress equivalent to the stress in the manufacturing 
process of the component. Only such test methods as the 
half-a-dog-bone test [7], the dog-bone tensile test, the strip 
tensile test (also called sheared edge tension test) [8], the 
tensile test with notched specimen [9] as well as the Edge-
Fracture-Tensile-Test enable the specimen edge to be tested 
under uniaxial tensile stress [10]. Since the Edge-Fracture-
Tensile-Test [11] can be used to investigate the effect of 
various shear cutting parameters on the residual formability, 
it is used in this study.

Motivation

The effect of numerous shear cutting process parameters on 
the residual formability of metallic materials has already 
been discussed in many publications. The influence of the 
die clearance on the edge crack sensitivity was studied by 
[12] and [13]. [14] and [15] investigated the geometries 
impact, of the cutting edge, on the residual forming capac-
ity. [16] and [17] examined the influence of shear rake angle. 
Since the material separation during component production 
does not only occur on the undeformed base material, the 
influence of the shear cutting process on the edge cracks sen-
sitivity when using pre-formed sheets that are subsequently 
further formed needs to be discussed. The process analysis 
is especially relevant for dual-phase steels.

Within the scope of this work, an investigation of the 
dependence of the edge crack sensitivity on the pre-defor-
mation state, including the degree of pre-deformation, will 
be carried out. The resulting study proves that pre-deforma-
tion should not be considered as pre-damage, which would 
increase the edge crack sensitivity when using multi-phase 
steels. Due to the interaction of the interfaces, this new effect 
cannot be represented or discussed by a theoretical model, 
and experimental testing is mandatory. The following steps 
are necessary for the implementation:

•	 Introduction of explicit reproducible pre-forming.
•	 Application of the presented and validated Edge-Frac-

ture-Tensile-Test, to objectively evaluate specimen failure 
and onset of local necking.

•	 Preparation of the determined parameters for the imple-
mentation in the forming simulation.

To understand the procedure, the Edge-Fracture-Tensile-
Test, the tools used, the experimental design, and the results 
are described in the following.

Edge‑Fracture‑Tensile‑Test

Process Description and Recorded Parameters

The Edge-Fracture-Tensile-Test was developed, tested, and 
validated against other edge crack testing methods at the 
Chair of Metal Forming and Casting at the Technical Uni-
versity of Munich. [11] In this test method, the specimen 
is subjected without friction to the tensile test according to 
[18]. The specimen fails at the onset of local necking under 
a uniaxial stress state at the component’s edge. The geom-
etry of the Edge-Fracture-Tensile-Test specimen [19] is 
designed based on the specimens from the standard tensile 
test. To avoid bending stresses induced during the test, it 
is designed symmetrically. If the to be characterized speci-
men edge is produced by shear cutting, the initial starting 
blank geometry (see Fig. 1) must be selected depending on 
the type of cutting line. The geometry of the initial blank 
was designed so that one side of the specimen is produced 
by a non-damaging manufacturing process. The opposite 
side of the Edge-Fracture-Tensile-Test specimen can be 
manufactured by different production processes varying 
many process parameters. Figure 1 shows the individual 
process steps for realizing an Edge-Fracture-Tensile-Test 
specimen. The steps are discussed in detail in [20]. Due 
to the selected specimen geometry in combination with a 
conventional tensile test, the test specimen can fail due to 
the formation of an edge crack or a deformation fracture. 
To record the strain distribution and the type of failure, a 
stochastic pattern is applied to the measuring area of the 
specimen. The use of the Aramis 1.3 M (GOM GmbH, 
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Braunschweig, Germany) digital image correlation sys-
tem allows the logarithmic major strain to be recorded 
up to the time of specimen failure (onset of local necking 
and crack initiation). An algorithm according to Volk and 
Hora [21] is used to determine the time step to identify 
the onset of local necking. Subsequently, the logarithmic 
major strain is read from the recorded image sequence at 
the determined time step at the failure location. The Edge-
Crack-Sensitivity-Factor Kec (Formula 1) can be calculated 
from the logarithmic major strain recorded according to 
[20].

Kec Edge-Crack-Sensitivity-Factor

(1)Kec =
�1,loc,y1

�1,loc,yref

�1,loc,y1
 Average logarithmic major strain at the onset of 

local necking, production process y1 , EFTT specimens 
sheared on one side
�1,loc,yref

 Average logarithmic major strain at the onset of 
local necking, production process yref , reference speci-
men

The Edge-Crack-Sensitivity-Factor includes character-
istic values of the base material and the specimen edge 
to be characterized. The material parameters of the base 
material are determined on test specimens whose edges 
are not previously damaged. Depending on the material to 
be tested, the edges can be made, for example, by milling 
or wire-eroding. In commercially available finite element 
simulation tools, it is possible to implement the Edge-
Crack-Sensitivity-Factor Kec in the failure criterion of the 
finite elements of the specimen edge. Using empirically 
determined limit values metallic materials can be clas-
sified into the following categories regarding their edge 
crack sensitivity:

0.9 < Kec  ≤ 1.0 Insensitive to edge cracking
0.8 < Kec  ≤ 0.9 At risk of edge cracking
Kec ≤ 0.8 Sensitive to edge cracking

The limit values were determined by linking the calcu-
lated Edge-Crack-Sensitivity-Factor with the false-color 
plot of the recorded strain fields and with the failure mode 
of the specimen edge. This comparison was carried out for 
many metallic materials, from the material groups unalloyed 
and micro-alloyed steels, multiphase steels, austenitic steels, 
bake hardening steels, and aluminum alloys. The mainly 
used shear cutting process parameters were single-stage 
full-edge shear cutting process, open cutting line, a width 
of the offcut 4 mm, sharp cutting edges, die clearance 10%.

A detailed process description of the Edge-Fracture-Ten-
sile-Test can be found in [20].

a) Closed cutting line b) Open cutting line
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Cutting

Shear cutting

Milled edge

Locating hole

Shear-cut edge
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EFTT-specimen
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R25

Shear cutting
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Fig. 1   Schematic draft of the production process of an  Edge-Frac-
ture-Tensile-Test specimen; using a closed (a) or open (b) cutting line 
according to [19]; c) represents the geometry of a reference specimen
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Fig. 2   3D cross-section of the Edge-Fracture-Tensile-Test shear cut-
ting tool according to [11]
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Shear Cutting Tool

The shear cutting tool is used to produce the sheared edge 
of the Edge-Fracture-Tensile-Test specimen, according to 
Fig. 2.

All relevant shear cutting process parameters can be var-
ied to realize a customer-specific specimen edge due to the 
modular design of the shear cutting tool and the use of the 
two starting blank geometries (Fig. 1). The relevant shear 
cutting process parameters include: the type of cutting line, 
the center waste width or the width of the offcut, die clear-
ance, blank holder force, shear slant angle or the number of 
cutting steps of the cutting process. The design, assembly, 
and use of the cutting tool, is described in detail in [22].

Material

Sheet Material CR440Y780T‑DP

The sheet material used is a hot-dip galvanized dual-phase 
steel CR440Y780T-DP [23] with a sheet thickness of 
1.2 mm. Dual-phase steels have a microstructure of ferritic 
matrix with included martensitic or bainitic phases. The 
cold-rolled material is often used for complex structural 
parts such as longitudinal and transverse beams due to its 
excellent deep-drawing properties. In addition, dual-phase 
steels have excellent hardening properties.

The alloying elements of Table 1, in percent by weight, 
were determined by an optical emission spectrometer 
analysis. For completeness, one should note that the steel 
alloys and the base material iron contain other alloying 
elements that are not listed.

The initial structure of the steel is visualized in Fig. 3. 
The etching was done with Nital. Sampling and prepara-
tion were carried out following DIN 50,602 [24] and the 
steel-iron test sheet SEP 1520 [3].

The recorded mechanical parameters of the steel from 
the tensile test are visualized in Table 2. The hardness of 
the basic structure, according to Vickers, is 225 HV 0.1 
(standard deviation 5.2 HV 0.1).

Material used for the Active Elements of the Shear 
Cutting Tool

The active elements of the shear cutting tool (Fig. 2) are 
made from the secondary hardening cold-work steel 
X155CrMoV12-1 with material number 1.2379. The mate-
rials’ application for cutting and forming tools is based on 
its high resistance to abrasive and adhesive wear. However, 
the unevenly lined-up carbides have a disadvantageous effect 
on material toughness and thus on the breakout behavior 
[25, 26]. The addition of the alloying elements, vanadium 
and molybdenum, results in hard and chromium-rich M7C3 
carbides with an average carbide length of 10 µm [27] dur-
ing heat treatment. The cold-work steel was tempered to a 
hardness of 58 + 2 HRC. The chemical composition meets 
the requirements of the standard.

Table 1   Chemical composition in weight percentage of the steel 
CR440Y780T-DP

Chemical element C Cr + Mo Mn Al S

Weight percentage 0.18 0.96 2.01 1.18 0.01
Chemical element Si Nb + Ti P Cu
Weight percentage 0.48 0.14 0.04 0.04

Fig. 3   Micrograph of the 
base material of the steel 
CR440Y780T-DP; sampling 
a) along the rolling direction, 
b) across the rolling direction; 
etchant Nital

a) b)

Table 2   Mechanical parameters of the dual-phase steel 
CR440Y780T-DP

Parameter Rp0.2  
[N/mm2]

Rm

[N/mm2]
A

[%]
�1,crack  
[-]

Value 512 789 14.5 0.482
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Experimental Design and Forming Tool

Process Parameters and Equipment

The influence of the following process parameters (Table 3) 
on the edge crack sensitivity was determined using the 
described material with a sheet thickness of 1.2 mm.

The influence of the shear cutting process and the intro-
duced pre-deformation on the residual formability of a 
shear-cut edge is discussed using the parameter of the loga-
rithmic major strain �1 at specimen failure due to cracking 
and at the onset of local necking. The major strains recorded 
on five specimens with an Aramis 1.3 M were summarized 
in the characteristic value �1 by averaging.

Forming Tool with Marciniak‑punch

To realize and examine the influence of pre-forming on the 
residual formability of Edge-Fracture-Tensile-Test speci-
mens sheared on one side, a forming tool (Fig. 4) with a 
Marciniak-punch was used.

The drawing die diameter is 230 mm, that of the punch is 
220 mm. To reduce the material flow, the drawing die has a 

braking bead (height 0.5 mm, width 10 mm). A continuous 
drawing gap between the drawing die and punch is achieved 
by inserting a sleeve, which is disassembled after the tool 
components have been installed on the press table and ram.

Results

Effective Strain

Undeformed Sheet Material

The averaged logarithmic major strain �1 at crack initiation 
and the onset of local necking is shown in Fig. 5 for the ref-
erence specimen milled on both sides (termed ‘Ref’) and for 
Edge-Fracture-Tensile-Test specimens sheared on one side 
with various relative die clearances u.

The second sample edge was produced by milling. 
The specimens are taken from the undeformed sheet steel 
CR440Y780T-DP with a sheet thickness of 1.2 mm in the 
rolling direction.

The quotient between the major strain at the onset of local 
necking of the EFTT specimen and the reference specimen 
milled on both sides results in the Edge-Crack-Sensitivity-
Factor Kec . The Edge-Crack-Sensitivity-Factor is smallest 
for a relative die clearance of u = 10.7 % ( Kec = 0.52) and is 
highest for a relative die clearance of u = 20 % ( Kec = 0.61). 
For a relative die clearance of u = 15%, this factor is located 
between these two values with Kec = 0.55. According to the 
classification based on the Edge-Crack-Sensitivity-Factor 

Table 3   Process parameter

Process parameter Value

Production process of the speci-
mens

Milling, shear cutting

Punch cutting edge radius r Sharp-edged, edge-radius < 5 µm
Relative die clearance u 10–20%
Number of cutting steps Single-stage
Slant angle Full-edged, pressing
Cutting line Open
Blank holder force 68 kN
Type of pre-forming Uniaxial tension, plane strain, 

equi-biaxial tension
Amount of pre-forming �1 0–0.10 [-]
Facet parameters of DIC Size facet 13 × 13 pixel

Distance facets 11 pixel
Recording frequency of DIC 11 Hz
Strain rate 0.008 [1/s]

Die Drawing 
punch

Blank holderSupporting
plate

Fig. 4   3D cross-section of the forming tool with Marciniak-punch

Fig. 5   Averaged logarithmic major strain determined at crack ini-
tiation and at the starting point of local necking depending on the 
relative die clearance for CR440Y780T-DP; sampling in the rolling 
direction
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in Sect. “Process Description and Recorded Parameters”, 
the cutting edges with all three die clearances examined are 
rated as sensitive to edge cracks ( Kec ≤ 0.8), with the small-
est die clearance of u = 10.7% showing the greatest sensitiv-
ity to edge cracks.

Pre‑formed Sheet Material

Sheets were deformed using a forming tool with a Marcin-
iak-punch (see Sect. “Forming Tool with Marciniak-punch”) 
to investigate the influence of pre-forming on the sensitivity 
to edge cracks. The type and degree of deformation can be 
set by selecting the appropriate blank starting geometry and 
drawing depth. The orientation of the sheet is chosen such 
that the logarithmic major strain �1 is parallel to the rolling 
direction. First, the pre-forming types uniaxial tension, plane 
strain, and equi-biaxial tension with a logarithmic major 
strain of �1 = 0.05 were each implemented (see also Fig. 7).

Attention was paid to ensure that the EFTT specimen 
are taken from a homogeneously pre-formed area. For this 
purpose, a point pattern (point diameter 1 mm, point spac-
ing 2 mm) was applied to the blank before the pre-form-
ing. The point pattern was printed on foil and transferred 
to the sheet metal to ensure that the sheet surface was not 
affected through etching. After the pre-forming process, the 
major and minor strains were determined by comparing the 
deformed pattern with the initial pattern using an optical 
forming analysis system GOM Argus (see Fig. 6).

In addition to the change of the major and minor strain, 
the sheet metal pre-forming also results in a reduction 
in sheet thickness. Since the shear cutting of the EFTT 

specimens for both the undeformed and the pre-formed 
specimens is carried out with the same set of active elements 
with an absolute die clearance of 0.128 mm, this decrease 
in sheet thickness also results in a change of the relative die 
clearance u . Table 4 gives an overview of the sheet thickness 
and the associated relative die clearance depending on the 
pre-forming applied.

While for an undeformed sheet, the sheet thickness is 
1.2 mm and the relative die clearance is 10.7 %, after pre-
forming the relative die clearance ranges between 10.7 % and 
12.8 %, depending on the type and amount of pre-forming.

Figure 7 shows the strain paths that result for different 
types of pre-forming (uniaxial tension, plane strain, and 
equi-biaxial tension) with a logarithmic major strain of 
�1,pre = 0.05 each. After pre-forming, the specimen is tested 
in the subsequent uniaxially loaded Edge-Fracture-Tensile-
Test with reference specimens milled on both sides and with 
specimens that are shear cut on one side.

Fig. 6   Homogeneous distribu-
tion of major strain �1 after equi 
biaxial sheet metal pre-forming

[-]

0.006
0.020
0.040
0.060
0.080
0.100
0.120
0.140
0.160
0.183

Table 4   Overview of the sheet thicknesses and the resulting relative 
die clearancesuafter sheet metal pre-forming

Type of pre-forming Uniaxial Ts   Plane strain   Equi-biaxial
Amount of pre-forming �1 = 0.05 �1 = 0.05 �1 = 0.05
Sheet thickness [mm] 1.18 1.16 1.11
Rel. die clearanceu[%] 10.9 11.0 11.5

Type of pre-forming Uniaxial Ts Equi-biaxial
Amount of pre-forming �1 = 0.10 �1 = 0.10
Sheet thickness [mm] 1.16 1.00
Rel. die clearanceu[%] 11.0 12.8
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Uniaxial Tension – Pre‑forming

With uniaxial pre-forming, the sheet is first stretched from 
point O to point A by ����⃗OA . Then both a reference specimen 
(milled on both sides) and an EFTT specimen (shear cut 
on one side) are taken from the same pre-formed sheet and 
subjected to another uniaxial tension. Local necking can be 
detected with the reference specimen that is milled on both 
sides at point B after further tensile forming by ����⃗AB . With the 
EFTT specimen that is shear cut on one side, local necking 
already starts at point C after forming by ����⃗AC.

Plane Strain – Pre‑forming

For plane strain pre-forming, the first forming operation is 
located between points O and D by �����⃗OD . In the following 
Edge-Fracture-Tensile-Tests, local necking starts with the 
milled reference specimen at point E by �����⃗DE and the shear-
cut specimen at point F by �����⃗DF.

Biaxial Tension – Pre‑forming

The equi-biaxial pre-forming is performed between points 
O and G by �����⃗OG . Performing the Edge-Fracture-Tensile-Test 
with the milled reference specimen, local necking can be 
detected at point H by �����⃗GH , whereas local necking with the 
shear-cut specimen starts at point J by ����⃗GJ.

An overview of the averaged logarithmic major strains 
determined at the start of local necking in the Edge-Frac-
ture-Tensile-Tests is given in Fig. 8 for reference specimens 
milled on both sides and for specimens shear cut on one side 
for undeformed specimens and specimens with various types 
of pre-forming with �1,pre = 0.05. The values presented for 
the pre-formed milled reference specimens correspond to the 
amounts of the logarithmic major strains of the vectors ����⃗AB , 
�����⃗DE , and �����⃗GH ; the values of the pre-formed shear-cut EFTT 
specimens correspond to the amounts of the major strains of 
the vectors ����⃗AC , �����⃗DF , and ����⃗GJ.

The logarithmic major strains that result for the milled 
reference specimens show that all pre-formed specimens 
have reduced residual formability in the uniaxial direction 
compared to the undeformed specimen. If the amount of pre-
forming is included, the sum of �1,pre (0.05) and the residual 
formability of the uniaxially pre-formed specimen (0.246) 
results in the forming capacity of the undeformed speci-
men (0.296). Thus, the logarithmic major strain that can be 
achieved in the single-stage uniaxial tensile test is the same 
as in a two-stage uniaxial tensile test, as already described by 
other authors [28, 29]. If the strain path is no longer linear, 
this addition of the major strains is no longer possible. This 
miscorrelation results from different types of pre-forming 
and post-straining.

With the one-sided shear-cut EFTT specimens, lower 
logarithmic major strains are achieved for both the unde-
formed and the pre-formed variants, compared to the milled 
reference specimens. A comparison of the logarithmic major 
strains of the shear-cut specimens shows the highest residual 
formability for the undeformed specimen with 0.154, fol-
lowed by the uniaxial pre-forming with 0.151, the plane 
strain pre-forming with 0.147, and the lowest residual form-
ability for equi-biaxially pre-formed specimens with 0.137. 
However, it should be noted that the error bars for the stand-
ard deviation overlap.

The logarithmic major strains determined at the start of 
local necking are given in Fig. 9 for a higher pre-forming 

Fig. 7   Strain paths for different types of pre-forming (blue) and sub-
sequent uniaxial tensile forming (red)

Fig. 8   Averaged logarithmic major strain determined at the start-
ing point of local necking depending on the type of pre-form-
ing for milled and shear-cut specimens made of CR440Y780T-
DP; �1,pre = 0.05; sampling in the rolling direction
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with �1,pre = 0.10. Here, uniaxial pre-forming, equi-biaxial 
pre-forming, and undeformed specimens are considered. The 
investigation of a plane strain pre-forming with �1,pre = 0.10 
was not possible due to premature cracks during the pre-
forming process.

As with a pre-forming of �1,pre = 0.05, the pre-formed 
specimens show lower residual formability than the unde-
formed specimens. The uniaxially pre-formed milled refer-
ence specimens have a residual formability of 0.192, the 
biaxially pre-formed specimens of 0.106. The residual form-
ability is further reduced to 0.136 (Ts) and 0.098 (Bi) using 
the one-sided shear-cut EFTT specimens.

The results from Fig. 9 highlight the tendency identified 
in Fig. 8, namely that the residual formability of an equi-
biaxially pre-formed, one-sided shear-cut EFTT specimen 
is lower than that of a uniaxially pre-formed one with the 
same major strain of pre-forming �1,pre . In addition, the dif-
ference in residual formability between the milled reference 
and the shear-cut specimen is less with biaxial pre-forming 
than with uniaxial pre-forming. This reduction in the differ-
ence in residual formability can also be observed when the 
amount of pre-forming is increased.

However, it is not reasonable to only determine the Edge-
Crack-Sensitivity-Factor Kec for shear-cut, pre-formed speci-
mens without considering the deformation history of the 
sheet metal. Therefore, it is difficult to compare the differ-
ent types of pre-forming regarding edge crack sensitivity. In 
addition, the pre-forming also causes a change in the relative 
die clearance. Compared to uniaxial pre-forming, biaxial 
pre-forming leads to more thinning of the sheet metal and 
thus to a larger relative die clearance (see Table 4). This 

correlation is relevant because with larger die clearances, a 
lower edge crack sensitivity could be determined with unde-
formed specimens (see Figure Fig. 5).

Application 
of the Generalized‑Forming‑Limit‑Concept

The deformation history must also be considered, to deter-
mine the influence of the type and amount of pre-forming 
on the edge crack sensitivity. This can be realized using the 
Generalized-Forming-Limit-Concept (GFLC) in combi-
nation with the principle of equivalent pre-forming. This 
principle implies that every deformation state built up of 
two linear strain increments can be transformed to a pure 
linear strain path with the same formability of the mate-
rial. [30] Thus, any arbitrary pre-strain state can be related 
to an equivalent uniaxial pre-strain state. This transforma-
tion is presented as an example in Fig. 10. Here, an equi-
biaxial pre-forming of �1,pre = 0.05 is performed between 
the points O and G by �����⃗OG . A reference specimen milled 
on both sides, and a one-sided shear-cut EFTT specimen, 
are made from the pre-formed sheet metal. In the following 
Edge-Fracture-Tensile-Tests, local necking starts with the 
milled reference specimen at point H by �����⃗GH and with the 
shear-cut specimen at point J by ����⃗GJ . Using a undeformed 
reference specimen milled on both sides, local necking 
starts under uniaxial tensile load at point B by �����⃗OB . With 
this knowledge, point G can be transferred to an equivalent 
uniaxial pre-strain state to point G∗ by subtracting the vec-
tor �����⃗GH from point B . Using the same procedure, point J can 
also be transformed to J∗ . Since any pre-strain condition 
can be transferred to an equivalent uniaxial strain state, it is 

Fig. 9   Averaged logarithmic major strain determined at the start-
ing point of local necking depending on the type of pre-form-
ing for milled and shear-cut specimens made of CR440Y780T-
DP; �1,pre = 0.10; sampling in the rolling direction

Fig. 10   Transformation of an equi-biaxial pre-strain with a following 
uniaxial EFTT into an equivalent uniaxial strain state based on the 
principle of the equivalent pre-forming
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possible to add the logarithmic major strains from the pre-
forming and the following uniaxial EFTT. This also allows 
the Edge-Crack-Sensitivity-Factor Kec to be calculated anal-
ogously to Formula 1, whereby the sum of the major strains 
of the equivalent uniaxial pre-strain and the following EFTT 
is used for �1,lok,y1 . An overview of the major strains, related 

to a uniaxial strain state, and the associated Edge-Crack-
Sensitivity-Factors Kec that can be determined with speci-
mens milled on both sides as well as shear cut on one side 
is given for various types of pre-forming with �1,pre = 0.05 
in Fig. 11 and �1,pre = 0.10 in Fig. 12. It is apparent that all 
pre-formed and shear-cut specimens achieve higher logarith-
mic major strains than those with the undeformed shear-cut 
specimen. This is also expressed in the Edge-Crack-Sensi-
tivity-Factors, which are all greater than in the case of the 
undeformed specimen ( Kec > 0.52). With a constant pre-
forming of �1,pre = 0.05, the plane strain specimens show the 
lowest edge crack sensitivity ( Kec = 0.84), followed by the 
equi-biaxial ( Kec = 0.79) and the uniaxial pre-formed speci-
mens ( Kec = 0.68), see Fig. 11. The same tendency can be 
seen in Fig. 12 (above), with a pre-forming of �1,pre = 0.10. 
In addition, the sensitivity to edge cracks decreases with 
increasing pre-forming �1,pre . While with �1,pre = 0.05 uni-
axial pre-formed sheet metal a Kec of 0.68 is determined, this 
factor increases to Kec = 0.81 with a uniaxial pre-forming 
of �1,pre = 0.10. The same tendency can be observed with 
equi-biaxial pre-formed specimens, with the Edge-Crack-
Sensitivity-Factor increasing from Kec = 0.79 ( �1,pre = 0.05) 
to Kec = 0.97 ( �1,pre = 0.10).

Table 4 shows that pre-forming results in a slight increase 
in the relative die clearance of a few percent due to the 
reduction in sheet thickness. However, this enlargement is 
not the decisive factor for the reduced sensitivity to edge 
cracks. Figure 5 shows that even with significantly larger 
die clearances, it was impossible to determine nearly as high 
Edge-Crack-Sensitivity-Factors as in Fig. 11 and Fig. 12. 
Therefore, it can be assumed that the type and amount of 
pre-forming have a significant influence on the sensitivity 
to edge cracks. The reasons for this are the changes in the 
geometry of the cut surface and the hardening of the material 
in the shear-affected zone, as well as the changed structure 
of the material due to the pre-forming. In addition, the hard-
ness of the individual microstructural phases can influence 
the edge crack sensitivity.

Conclusion and Outlook

The investigations show that it is essential to discuss the 
sensitivity of material edge cracks depending on the type 
and amount of pre-forming. Also, it is imperative to use the 
Generalized-Forming-Limit-Concept to correctly take into 
account the introduced pre-forming in the formation of the 
Edge-Crack-Sensitivity-Factor Kec , and to be able to use it in 
the finite element simulation. The procedure selected could 
be used to extend the findings of initial studies conducted 
by Le et al. (2014) [31] and Held, Liewald and Sindel [32] 
on the influence of pre-forming. Due to the chosen proce-
dure and the holistic view, it was possible to show that the 

Fig. 11   Averaged logarithmic major strain with consideration of the 
pre-forming determined at the starting point of local necking depend-
ing on the type of pre-forming for milled and shear-cut specimens 
made of CR440Y780T-DP; �1,pre  =  0.05; sampling in the rolling 
direction

Fig. 12   Averaged logarithmic major strain with consideration of the 
pre-forming determined at the starting point of local necking depend-
ing on the type of pre-forming for milled and shear-cut specimens 
made of CR440Y780T-DP; �1,pre  =  0.10; sampling in the rolling 
direction
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pre-forming of CR440Y780T-DP is not to be considered as 
damage as in the previous explanations since the edge crack 
sensitivity is reduced.

In further investigations, the influence of a constant rela-
tive die clearance should be determined when the pre-form-
ing is varied. Also, it is desirable to vary the sampling after 
pre-deformation to force anisotropic behavior. Besides, the 
aim of investigations can also be to describe a relationship 
between pre-deformation and residual formability. For this 
purpose, any pre-forming that differs in type and amount 
should be introduced into the material. The degrees of defor-
mation to be introduced are limited by the edge areas of 
uniaxial tension and biaxial stretch forming, as well as the 
forming limit curve. The residual formability determined by 
the downstream Edge-Fracture-Tensile-Test corresponds to 
discrete points on the surface to be covered. This surface, 
in turn, can be implemented in finite element simulations 
to represent the pre-deformation influence to its full extent.
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