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European foreword

This CEN Workshop Agreement (CWA 18012:2023) has been developed in accordance with the CEN-
CENELEC Guide 29 “CEN/CENELEC Workshop Agreements — A rapid prototyping to standardization” and
with the relevant provisions of CEN/CENELEC Internal Regulations - Part 2. It was approved by a
Workshop of representatives of interested parties on 2023-05-17, the constitution of which was
supported by CEN following the public call for participation made on 2022-08-03. However, this CEN
Workshop Agreement does not necessarily include all relevant stakeholders.

The final text of this CEN Workshop Agreement was provided to CEN for publication on 2023-06-19.

This CEN Workshop Agreement is based on the results of the ToughSteel research project, which received
funding from the Research Fund for Coal and Steel under grant agreement N2 101034036.

The following organizations and individuals developed and approved this CEN Workshop Agreement:

— EURECAT, Spain, (Project leadership), Dr. David Frémeta, Dr. Daniel Casellas, Mr. Sergi Parareda, Ms.
Laura Grifé, Ms. Marina Presas, Mr. Toni Lara

— UNE, Spain, Mr. Javier Lopez-Quiles (Secretary)

— Université catholique de Louvain, Belgium, Dr. Pierre Bollen, Dr. Marie-Stéphane Colla, Dr. Antoine
Hilhorst, Prof Pascal ]. Jacques, Prof. Thomas Pardoen.

— CIEMAT, Spain, Ms. Marta Serrano, Mr. Antonio Fernandez
— OCAS NV, Belgium, Dr. Okan Yilmaz
— APERAM, France, Mr. Xavier Boyat

Attention is drawn to the possibility that some elements of this document may be subject to patent rights.
CEN-CENELEC policy on patent rights is described in CEN-CENELEC Guide 8 “Guidelines for
Implementation of the Common IPR Policy on Patent”. CEN shall not be held responsible for identifying
any or all such patent rights.

Although the Workshop parties have made every effort to ensure the reliability and accuracy of technical
and non-technical descriptions, the Workshop is not able to guarantee, explicitly or implicitly, the
correctness of this document. Anyone who applies this CEN Workshop Agreement shall be aware that
neither the Workshop, nor CEN, can be held liable for damages or losses of any kind whatsoever. The use
of this CEN Workshop Agreement does not relieve users of their responsibility for their own actions, and
they apply this document at their own risk. The CEN Workshop Agreement should not be construed as
legal advice authoritatively endorsed by CEN/CENELEC.
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Introduction

The continuous development of new complex multiphase advanced high-strength steel (AHSS) grades for
automotive applications has brought the need for alternative formability and fracture performance
classification criteria. Owing to their complex microstructures, superior strength and limited ductility
compared to conventional mild steels, AHSS are more susceptible to cracking during forming [1-3] or in
situations of severe deformation such as in crash scenarios [4-7]. Considering that the main usage of these
high-performance sheet materials is for structural and safety-related components, it is obvious that
knowing their cracking sensitivity and damage tolerance is essential for their safe implementation in the
industry.

Fracture toughness, measured in the frame of fracture mechanics, is the most appropriate property to
assess the crack propagation resistance of engineering materials. However, the measurement of the plane
stress fracture toughness of metallic sheets is not widely extended in many industrial sectors like the
automotive, especially because of the complexity of the Elastic Plastic Fracture Mechanics (EPFM)
standardized testing methods. Most of these techniques, such as the J-integral and Crack Tip Opening
Displacement (CTOD) procedures described in ASTM E1820 or the determination of a Crack Tip Opening
Angle (CTOA) as described in ASTM E2472, are complex, expensive and time-consuming.

In this context, alternative simpler and faster experimental approaches, such as the Essential Work of
fracture (EWF) methodology [8] or the Kahn-type tear tests [9], have been developed in order to satisfy
the growing need of knowing the fracture properties of thin metallic sheets. For instance, the EWF has
been used in several research works to explain the edge fracture sensitivity and crash performance of
AHSS and press hardened steels (PHS) [10-13], becoming a relevant property for new high strength sheet
materials development and selection.

The present CWA describes a new single-specimen testing method for the determination of a cracking
resistance index (CRI) able to classify the crack propagation resistance of high strength metal sheets. The
index is derived from the fracture energy obtained from tensile tests with pre-cracked or sharply notched
specimens. Based on the good correlation observed between the CRI and the EWF, the CRI is proposed as
a useful parameter to estimate the cracking sensitivity of AHSS [14]. The procedure is fast and simple,
comparable to a conventional tensile test, and it may be used as an additional routine test for quality
control and/or material ranking purposes. The CRI criterion is derived from the EWF methodology with
a simplified approach requiring less specimens to be tested and less post-processing work.
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1 Scope

This CWA describes a single-specimen testing procedure for the evaluation of a cracking resistance index
(CRI) for AHSS sheets with thicknesses between 0,5 mm and 3,0 mm.

NOTE 1 The test method provides an estimated measure of the fracture resistance of thin AHSS in the presence of
a crack.

NOTE 2 The proposed CRI must be used only as a fracture toughness index for material screening.

NOTE 3 The suitability of the test to estimate the cracking sensitivity of AHSS has been evidenced in a previous
work by establishing a good correlation between the CRI, the EWF and the Hole Expansion Ratio (HER) for a wide
range of multiphase AHSS grades [14].

NOTE 4 Itmustbe emphasized that the results of the test are greatly affected by the specimen thickness. Therefore,
it is recommended the use of specimens with similar thicknesses for comparative purposes.

2 Normative references

The following documents are referred to in the text in such a way that some or all of their content
constitutes requirements of this document. For dated references, only the edition cited applies. For
undated references, the latest edition of the referenced document (including any amendments) applies.

CWA 17793:2021, Test method for determination of the essential work of fracture of thin ductile metallic
sheets

ISO 6892-1, Metallic materials — Tensile testing — Part 1: Method of test at room temperature
3 Terms and definitions

For the purposes of this document, the following terms and definitions apply.
[SO and IEC maintain terminology databases for use in standardization at the following addresses:

— ISO Online browsing platform: available at https://www.iso.org/obp/

— IEC Electropedia: available at https://www.electropedia.org/

3.1

total work of fracture

Wy

energy obtained from the integration of the area under the load-displacement curve for the complete
fracture

3.2
specific work of fracture
wf

total fracture energy per unit area

3.3

cracking resistance index

CRI

toughness index, expressed in percentage, obtained from the specific work of fracture of a DENT
specimen


https://www.iso.org/obp/ui
https://www.electropedia.org/
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4 Symbols and abbreviations

4.1 Symbols
Symbol Unit Designation
A % Percentage elongation after fracture in a uniaxial tensile test
B, mm Original specimen thickness
bo mm Original uncracked ligament length
F N Applied force
Frax N Maximum force obtained from a fracture test
Lt mm Specimen length
Le mm Extensometer length for load-line displacement measurement
p mm Notch root radius
mm Load-line displacement
ar mm Load-line displacement at fracture
Rpo,2 N/mm?2 0,2 % offset yield strength
Rm N/mm?2 Ultimate tensile strength
w mm Specimen width
Wy k] Total work of fracture
wr k] /mZ Specific work of fracture
We k] /m2 Specific essential work of fracture

4.2 Abbreviations

AHSS Advanced High Strength Steels
CRI Cracking Resistance Index

DENT Double edge notched tension
EDM Electrical discharge machining
EPFM Elastic Plastic Fracture Mechanics
EWF Essential work of fracture

HER Hole Expansion Ratio

PHS Press hardened steel

5 Principle

The method for the determination of the CRI requires the test of a fatigue pre-cracked or sharply notched
rectangular Double Edge Notched Tension (DENT) specimen that is loaded up to fracture in quasi-static
loading conditions. The specimens must be fractured using any mechanical test machine capable of quasi-
static loading at a crosshead speed of 2 mm/min or less.
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6 Significance and use

The significance of this test method is similar to that of the notch tensile test described in ASTM E338 and
the tear test described in ASTM B871.

The main use of the method is to define a crack propagation resistance index for AHSS sheets. It is not
intended to provide an absolute measure of fracture toughness and must be used solely for comparative
and ranking purposes. The method can be useful for the research and development of new multiphase
AHSS microstructures, to detect the influence of processing parameters and composition on fracture
resistance, as an additional quality control criterion for material acceptance, etc.

Since the nature of the test makes it more sensitive to local microstructure inhomogeneities like inclusion
size and distribution, it can provide relevant information about the fracture behaviour of AHSS sheets
with similar tensile properties during forming or in service.

The main result of the test is the CRI, which is derived from the fracture energy of a DENT specimen with
a defined initial ligament length (distance between the two cracks). The fracture energy is determined by
the integration of the area under the load-displacement curve of the test. Other relevant parameters, such
as the maximum load or the displacement at fracture, can also be obtained.

7 Equipment
7.1 Apparatus

Test apparatus is required to measure the applied force and the load-line displacement throughout the
fracture test. The testing machine must be equipped with a force transducer to autographically record
the force applied to the specimen. The load-line displacement may be recorded automatically by an
integrated measurement system or recorded digitally for processing by computer.

Testing machine stiffness can influence the data recording during the test. Therefore, the use of a
relatively stiff machine is recommended. A not-enough stiff testing machine can cause the abrupt fracture
of the specimens once the crack has started to propagate, providing lower energy values than desired. If
this behaviour is observed regularly, it could indicate that a stiffer testing system is needed. Furthermore,
it is recommended that for consistency of data, the same testing machine is used for all tests that are
intended for direct comparison and relative rating of a group of materials.

The requirements of the system for load-line displacement are given in 7.2. Test fixtures are described in
7.3.

7.2 Measurement of the load-line displacement

Load-line displacement shall be measured by means of calibrated optical or clip-on extensometers
attached to the specimen. Optical methods include video extensometry, laser-based extensometry and
Digital Image Correlation (DIC). It is not recommended to use the cross-head displacement as a measure
of the load-line displacement because all the elastic deformation in the test fixtures is then included in
the displacement measurement and contributes to the fracture energies measured.

7.3 Fixtures

DENT specimens shall be loaded using a suitable arrangement that ensures load train alignment between
both grips as the specimen is loaded under tension. The specimen alignment is critical to ensure that the
specimen is subjected only to tensile loading during the whole test, and crack propagation is always under
pure mode I. Torsion, buckling or any deviation from tensile stress will give rise to inaccurate results.

The clamping system can be hydraulically, pneumatically, or mechanically (bolted) assisted for opening
and closing. Fixture surfaces shall have a hardness greater than 45 HRC (450 HV) or a yield strength of at
least 1 000 MPa.
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8 Testspecimens
8.1 Specimen dimensions

The recommended geometry is the Double Edge Notched Tension (DENT). Figure 1 a) shows the
characteristic dimensions of a DENT specimen for the determination of the CRI according to this test
method.

Arectangle of width W=55 mm and length L= 200 mm is cut from the test material. The external contour

can be cut, machined or spark-eroded. Alternative dimensions can be used depending on material
availability. The minimum recommended dimensions are W =40 mm and L; = 90 mm.

The distance Lt includes the extensometer length, L, for load-line displacement and the gripping area.
The extensometer length L, should be 25 mm or 50 mm. The gripping distance shall be 50 mm.

To avoid the influence of notch radius on the measured fracture energies, the use of fatigue pre-cracked
specimens is recommended. Alternatively, specimens with sharp notches can be used. The radius of the
sharp notch, p, should be lower than 10 um. Figure 1 b) shows an example of acceptable types of notches.
The distance between the two sharp notches or cracks, the original ligament length, b, should be

8+ 1 mm.

Recommendations for specimen pre-cracking and notching are given in CWA 17793:2021. Alternative
procedures, such as notch sharpening by using a razor blade are also valid. It must be noted that the
shear-notching procedure described in CWA 17793:2021 is especially suitable for high-strength steels

with yield strength Rp0,2 > 700 N/mmz, which are less sensitive to the plastic deformation induced

during the notching process. Therefore, special care must be taken when applying the method to lower-
strength steels since the amount of plasticity generated at the crack tip may affect the obtained energy
values. With the aim of preventing the effect of the notch preparation method, it is recommended to use
the same notch configuration for all tests that are intended for the comparison of a group of materials.

N Gripping area

Fatigue pre-crack
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Figure 1 — a) dimensions of the DENT specimen geometry (in mm); b) examples of acceptable
notches: fatigue pre-crack (upper row) and mechanically sheared notch prepared with the
notching procedure described in CWA 17793:2021 (lower row)
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8.2 Crack plane orientation

Orientation of the crack plane in relation to product geometry shall be decided before machining and
identified according to the denomination defined in CWA 17793:2021.

9 Procedure
9.1 Pre-test measurements

The dimensions of specimens shall conform to those mentioned in 8.1. Specimen thickness, B, and
ligament length, b, shall be measured before the test.

The ligament length obtained after fatigue pre-cracking, b, shall be measured using optical equipment.

The ligament length in specimens with mechanically sheared notches shall be first measured on both
specimen sides before testing. The ligament length should be verified after testing. It is recommended to
measure it from the fracture surface of a tested specimen with the aid of an optical microscope as
described in 9.3.

9.2 Fracture test

The fracture tests shall be performed under displacement control at a constant displacement rate,
sufficiently slow to ensure quasi-static conditions. Displacement rates between 0,5 and 2 mm/min are
recommended. Fixtures for tensile tests must be aligned and arranged so that the loading is steady and
symmetrical about the plane of the expected crack growth line.

The specimens shall be tested up to fracture and the force versus load-line displacement must be
recorded. The test should be stopped either when the load decreases by 40 % in a time frame of 100 ms
or when it decreases to 20 N. Figure 2 shows the characteristic force versus load-line displacement curve
obtained for a DENT specimen. In order to establish a reasonable estimate of average properties and
improve statistical reliability, it is recommended to perform atleast three replicates per testing condition.

F[N]

U g [mm]

Figure 2 — Characteristic force (F)-displacement (q) curve obtained from the fracture test
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9.3 Post-test measurements

After the test, the ligament length should be measured from the fracture surface of DENT specimens by
using an optical microscope. At least five ligament length measurements shall be performed along the
specimen thickness, as shown in Figure 3. The original ligament length, b, is determined from an average

of the five measurements.
9.4 Calculations

Calculate the total work of fracture, Wf, by integration of the area under the load-displacement curve
(Figure 2) and divide it by the initial cross-section area to obtain the specific work of fracture, wf:

w
fo__1 (%

w,=—I -~ F-d 1

S b,B, b,B I0 1 W\

where

F is the force;
q istheload-line displacement;

af is the load-line displacement at fracture.

Then, calculate the cracking resistance index according to Equation (2):

Wy
CRI[%] = ——— “———x100 (2)
2
FnJ00 Pobo
where

wf is the specific work of fracture;
Ry, is the ultimate tensile strength;

A isthe percentage elongation at fracture from a uniaxial tensile test according to ISO 6892-1;

B, isthe specimen thickness;
b, isthe original ligament length;

The CRI is expressed as a percentage.

10
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b)

Figure 3 — Ligament length measurements on the fracture surface of DENT specimens for

determination of b, in a) fatigue pre-cracked specimen and b) shear notched specimen

10 Report

For each specimen, report the following information:

a)
b)
c)
d)
e)
f)

g)
h)

j)

Material identification (steel designation, strength level).
Specimen number.

Specimen dimensions (W, L¢, Lg, by, By), in mm.

Test temperature, in degrees Celsius.

Test speed, in mm/min.

Specimen orientation.

Maximum load.

Displacement at fracture.

Specific work of fracture, wf.

Cracking Resistance Index.

11
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11 Application of the CRI to estimate the cracking sensitivity of AHSS

As evidenced in many research works, the EWF is a suitable parameter to rank the cracking performance
of AHSSs during cold forming [11, 12] or in crash situations [10]. Therefore, it has become a relevant
property for AHSS development and implementation.

Based on this premise, the ability of the CRI to estimate the cracking sensitivity of AHSSs was investigated
in [14] by comparing it to the specific essential work of fracture (w,) of different AHSS grades. The results

are shown in Figure 4, where w,, is plotted as a function of the CRI for a wide range of multiphase AHSS

grades with 0,8-1,6 mm thickness and tensile strengths between 800 and 1 800 N/mmz. The figure shows
a very good correlation between both terms, which indicates that the CRI can be used to estimate the
crack propagation resistance of AHSSs.

Furthermore, a reasonably good correlation was also established in [14] between the CRI and the
[SO 16630 [15] Hole Expansion Ration (HER), which is widely used in the industry as an edge cracking
sensitivity parameter for metallic sheet materials. This trend suggests that the CRI is also a good indicator
of edge fracture performance for AHSS, as already occurs with the EWF [11,12].

Although the HER is industrially accepted, its reliability is often questioned due to the large data
scattering and the poor repeatability observed in several research works and round robin tests [16,17].
Moreover, it is not strictly a material parameter since it is affected by many experimental variables (hole
preparation method, geometry of the expansion tool, crack detection method, etc.). On the contrary, the
CRI can be considered an indicator of the material’s fracture toughness, which may provide a more
objective estimation of the cracking resistance of AHSS and help to better understand different crack-
related phenomena, such as edge cracking or crash failure behaviour. These observations highlight the
usefulness of the CRI as a cracking sensitivity indicator and support the implementation of this parameter
for material screening as well as to define new material specifications for AHSS sheets.

100
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) ) I @ .-
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60 A ig 209 8
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0 20 40 60 80 100 0O 20 40 60 8 100
CRI [%] CRI [%]
a) b)

Figure 4 — Correlation between a) w, and CRI and b) HER and CRI [14]
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