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Abstract. Driven by high energy prices and strict legal requirements on CO2 emissions, high-
strength sheet steel materials are increasingly gaining importance in the automotive industry 
regarding electric vehicles and their battery range. Simulation-based design of forming processes 
can contribute to exploiting their high potential for lightweight design. However, previous studies 
show that numerical simulation with conventional forming limit curves does not always provide 
adequate prediction quality. Failure models that take the stress state into account represent an 
alternative prediction method for the shear-dominated failure, that frequently occur in high-
strength steels during forming. The failure behaviour of the sheet materials can be determined by 
different specimen geometries for a wide range of stress states and by using an optical 
measurement system to record the local strain on the surface of the specimen at the location of 
failure. However, for many high-strength steels, critical damage or failure initiation already occurs 
inside the specimen. Therefore, a method is needed that allows detection of failure initiation at an 
early stage before the crack becomes visible on the surface of the specimen. One possible method 
is the use of acoustic emission analysis. By coupling it with an imaging technique, the critical 
strains leading to failure initiation inside the specimen can be determined. In the presented paper, 
butterfly tests are performed for a wide range of stress states and measured with an optical as well 
as an acoustical measurement system. The tests are analysed regarding the failure initiation using 
a mechanical, optical as well as acoustical evaluation method and compared with each other.  
Introduction 
Strict laws on vehicle emissions and high fuel prices have been leading to changes in vehicle 
concepts for years. Throughout the automotive industry, there is a clear trend towards e-mobility. 
In order to compensate for the weight of the battery and increase the driving range, manufacturers 
are increasingly relying on modern lightweight materials, including advanced high-strength steels 
(AHSS) such as complex phase (CP) or dual phase (DP) steels to reduce the weight of their 
vehicles [1]. The mechanical properties of AHSS are controlled by a specific mixture of different 
hard microstructural components such as retained austenite, ferrite, bainite, martensite and non-
metallic precipitates. Thus, it is possible to cover yield strengths and tensile strengths far above 
those of conventional deep-drawing and low-alloy steels while maintaining a good formability. 

In order to optimally utilise the high potential of AHSS for reducing vehicle weight at 
reasonable costs, a reliable design of forming and crash behaviour of the sheet metal components 
is required by use of numerical simulation. Therefore, precise modelling of the material behaviour 
under process conditions is needed. With regard to sheet metal forming, the yield condition, the 
hardening behaviour and the forming capacity must be included in the modelling. For the 
description of the forming capacity of sheet metals, the use of forming limit curves (FLC) is state 
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of the art. A FLC determines strain states that can be withstood by the sheet metal without necking 
or fracture. However, it is only valid for linear strain paths and a spectrum of strain states between 
uniaxial and biaxial tension [2]. Due to the shear-dominated material failure of AHSS, the 
prediction quality of a FLC is not adequate for that. An alternative to the FLC in sheet metal 
forming simulation are failure models which take the stress state into account. In most failure 
models, fracture is described by the failure strain as a function of the stress state [3]. Many models 
already exist for the mathematical description of these failure surfaces for AHSS, such as the 
Modified Mohr-Coulomb (MMC) failure model [4]. In order to characterise the material failure, 
material tests such as uniaxial tensile tests with different notches or holes, shear tests and Nakajima 
tests are performed to investigate the failure under different stress states from compression to shear 
to tension. Multiple tests are necessary to describe the material failure realistically in a wide range 
of different loadings and to parametrise the parameters of the failure model [4]. Those failure 
characterisation tests are often monitored with an optical measurement system, which is used to 
determine the fracture initiation on the specimen surface and to calculate the plastic strain. To 
improve the accuracy of the failure characterisation, a method capable of detecting a critical 
fracture initiation inside the specimen that remains invisible to the optical measurement system 
can be used [5]. Furthermore, sometimes the fracture initiation on the specimen surface is hardly 
to determine optically due to the stress state or because of the stochastic pattern applied on the 
specimen surface. In this context, acoustic emission (AE) analysis has a high potential for an 
improvement in failure characterisation due to enhanced fracture detection [6].  

Therefore, in this paper an existing testing rig for butterfly specimen with optical measurement 
system is extended with an acoustical measurement system. Seven loading angles of the butterfly 
tests, generating seven different stress states, are investigated for two AHSS. The tests are 
monitored with an optical as well as an acoustical measurement system. Finally, the failure 
initiation is determined and compared by the three different evaluation methods mechanical, 
optical as well as acoustical. 
Material Characterisation with Acoustic Emission 
AE analyses were used prior in the literature to characterise different material properties of metals. 
Shen et al. investigated the behaviour of titanium during a tensile test with a broadband and a 
resonant sensor [7]. The yielding and fracture of the material was characterised by a larger 
amplitude and a higher number of counts exceeding a threshold value. In contrast to the broadband 
sensor, the resonant sensor was also able to identify necking due to a higher amplitude. AE signals 
during plastic deformation of a low-carbon steel were analysed by Muravev et al. [8]. The 
localisation of acoustic emissions in combination with speckle interferometry enabled tracking of 
the movement of Lüders bands at yielding. Furthermore, it was possible to predict necking and 
fracture. In [9], Chuluunbat et al. used AE to analyse the fracture behaviour of the steel X70 during 
tensile tests with notched specimens. The fracture development was recorded simultaneously with 
a high-speed camera. At the time of fracture development inside the specimen, the AE activity 
increased rapidly. Changes of the process parameters temperature and strain rate also influenced 
the AE activity. Panasiuk et al. used the acoustic emission method and Kolmogorov-Sinai entropy 
to successfully determine the yield point of the aluminium alloy EN AW-7020 during tensile 
testing [10]. A new acoustic emission activity detection method based on short-term waveform 
features was invented by Piñal-Moctezuma et al. and applied to tensile tests of sheet metal [11]. In 
[12], Petit et al. observed the strain localisation features and mechanisms during tensile tests of 
C35 by coupling AE analysis and electronic speckle pattern interferometry. The AE behaviour of 
DP steels with different martensite contents was investigated with tensile tests by Khamedi et al. 
[13]. It was shown that for DP steels with a low martensite content, the damage mechanism was 
dominated by decohesion of ferrite and martensite. In specimens with a high martensite content, 
fractures also occurred in the martensite. The different damage mechanisms had a characteristic 
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frequency range that could be identified by wavelet analysis. Pathak et al. investigated the 
influence of the stress state on micro-void nucleation for a CP800 and a DP780 using 3D micro-
tomography for interrupted tests and in situ digital image correlation during testing [14]. For both 
steels, little void nucleation was observed under shear deformation but extensive void damage was 
observed under biaxial tension.  
Materials and Methods 
The investigated AHSS HCT780C (CP800) with 1.6 mm sheet thickness and HCT980X (DP1000) 
with 1.5 mm sheet thickness are provided from voestalpine Stahl GmbH. The CP800 is a complex 
phase steel consisting of martensite, bainite as well as ferrite and the DP1000 is a dual phase steel 
consisting of martensite as well as ferrite. To investigate the failure behaviour of the steels CP800 
and DP1000, butterfly tests are conducted, which are detailed described by Behrens et al. in [15]. 
The experimental set-up is shown in Fig. 1 and consists of a rotatable testing rig, which is installed 
in the tensile testing machine S100/ZD from DYNA-MESS Prüfsysteme GmbH.  

 

 
Fig 1: Experimental set-up for butterfly tests with optical and acoustical measurement systems 

 
It further contains the optical measurement system Aramis from Carl Zeiss GOM Metrology 

GmbH and the acoustical measurement system AMSY-6 from Vallen Systeme GmbH. 
Piezoelectric sensors of the same company as the measuring system are used to record the acoustic 
emissions. To receive the signals off the specimen, a resonance sensor (VS900-RIC) and a 
broadband sensor (AE2045) are used, which are both applied on the rotatable testing rig. Thus, a 
frequency band of 100-2200 kHz can be investigated. Furthermore, a guard sensor (VS900-RIC) 
is attached to the tensile test machine as well to record and filter the machine-induced noise. In the 
following, the resonance sensor will be referred to as AE1 and the broadband sensor as AE2. When 
applying the AE sensors, the coupling agent Echotrace from Karl Deutsch Prüf- und 
Messgerätebau GmbH is used. With the rotatable testing rig, the butterfly specimen can be aligned 
at -3°, 12.5°, 28°, 43.5°, 59°, 74.5° and 90° to the loading direction, which results in different stress 
states in the centre of the specimen ranging from shear loading to uniaxial tension. During the 
experiments, the testing rig is fixed against rotation. The seven angles are tested until failure with 
a velocity of 0.02 mm/s (quasi-static) for both AHSS at room temperature and each test is repeated 
five times for statistical validity. While testing, the forming force is measured by the tensile testing 
machine, the displacement of the specimen by the optical measurement system and the acoustic 
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emission by the acoustical measurement system. The recording frequency of the optical 
measurement system was 20 Hz and the sound emissions are recorded event-triggered with a 
sampling rate of 5 MHz. 

Each specimen failure is evaluated based on the three methods mechanical, optical and 
acoustical, as shown in Fig. 2. The mechanical method assumed the failure for each specimen, 
when a 30 % drop of the forming force appeared in about 0.5 s. The threshold value was chosen 
based on the inertia of the tensile testing machine. Using the optical method, the fracture initiation 
on the specimen surface is determined by the images from the optical measurement system. The 
acoustical signals are characterised on the basis of the form of the signal and their parameters. At 
the failure initiation, only burst signals (clearly recognisable beginning and end) are obtained. 
These are first classified based on the amplitude reached. Other certain features such as time and 
frequency are extracted from the signals and those suitable for differentiation are determined. 
These included rise-time and the centre of gravity of the frequency spectrum (FCOG). The three 
methods are compared regarding the failure initiation by evaluating the displacement and plastic 
strain before fracture determined by each method.  

 

 
Fig 2: Mechanical, optical and acoustical evaluation methods of material failure 

Experimental Results and Comparison of the Evaluation Methods 
Fig. 3 displays the forming force-time curve of the performed butterfly tests for CP800 on the left 
and DP1000 on the right under variation of the loading angle from -3° to 90°. For both materials, 
the maximum forming force is the highest at a loading angle of 90° and reduces continuously until 
a loading angle of 12.5°. The reason for this effect is that at a loading angle of 90° the stress state 
in the specimen is uniaxial tension, which is more and more superimposed with shear loading 
reducing the loading angle until mostly shear loading is present at -3°. The forming force at -3° is 
at the same level as 12.5°, but the material failure occurs later. Comparing the CP800 and the 
DP1000, the maximum forming force for the DP1000 is higher than for the CP800 at every loading 
angle due to the higher strength of the DP1000.  
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Fig 3: Forming force-time curves of the butterfly specimen for CP800 (left) and DP1000 (right) 
The optical measured and calculated plastic strain of the butterfly tests before failure is shown 

in Fig. 4. At the top, the plastic strain distribution according to von Mises is plotted for CP800 and 
on the bottom for DP1000 for the seven loading angles determined by the optical evaluation 
method. As clearly visible at every loading angle for both materials, the plastic strain concentrates 
on the middle area of the specimen due to the reduced thickness in the specimen centre. Hence, no 
fractures appeared along the edges of the specimen. In contrast to the maximum forming force, the 
maximum plastic strain decreases for higher loading angles for both materials. Due to the higher 
formability of CP800 compared to DP1000, the achieved plastic strain is higher for CP800 at every 
loading angle.  

 

 

Fig 4: Plastic strain distribution before failure from the optical measurements for CP800 (top) 
and DP1000 (bottom) 

To investigate the influence of the evaluation methods on the results of the butterfly tests, the 
displacement in load direction and the plastic strain in the centre of the specimen before failure 
averaged from the five experiments are shown with standard deviation at the top of Fig. 5 for 
CP800. As to be expected, the displacement before failure is the highest using the mechanical 
evaluation method and is reduced with the optical evaluation method. The acoustical evaluation 
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method determines slightly lower or almost the same displacements compared to the mechanical 
evaluation method, except for the loading angle -3°. Analysing the plastic strain, the effect of the 
different displacements can be seen well. Although the displacement from the mechanical 
evaluation method is only slightly higher than from the other methods, the plastic strains 
determined by the mechanical evaluation method significantly exceed the plastic strains from the 
other methods for all loading angles.  

 

  
Fig 5: Displacement before failure as well as plastic strain for CP800 (top) and DP1000 

(bottom) 
Comparing the optical and the acoustical evaluation method, the acoustical evaluation method 

shows slightly lower values than the optical method likewise to the displacements. Only for a 
loading angle of -3° the plastic strain of the acoustical evaluation method is higher than the plastic 
strain of the optical evaluation method. Apparently, the begin of failure under shear loading does 
not produce an AE signal, which could be measured as well as distinguished from machine-
induced noise with the used sensors and amplifiers. The measured AE signals appear after the 
fracture can already be seen on the specimen surface and propagates in the material. This effect is 
due to the failure mode of this specific stress state: at the loading angle -3°, a shear stress state and 
shear failure are present. For the other loading angles, the tension stress state is dominant, which 
leads to normal failure initiated by the formation and growth of voids. A similar behaviour can be 
seen for DP1000 at the bottom of Fig. 5. Here the plastic strain before failure using the mechanical 
evaluation method is often significantly higher than the values determined by the other two 
methods. Especially for the loading angles 59° and 74.5° of DP1000 the plastic strain before failure 
of the mechanical evaluation method is much higher than for the other two methods. This is 
attributed to the fact that the high strength of the DP1000 causes an abrupt failure of the material, 
especially for the tension stress states at the loading angles 59° and 74.5°. 
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Summary and Outlook 
To increase the determination accuracy of the failure initiation and hence the prediction accuracy 
of failure models, a test rig for butterfly specimen with optical and an acoustical measurement 
system was developed. The measurement setup was used to determine the failure initiation of two 
AHSS under different stress states induced in butterfly specimens by different loading angles using 
the rotatable butterfly test rig. The failure of the respective specimens was evaluated using optical 
and acoustical measurements. As a reference, the mechanical failure was determined based on a 
sudden decrease in the forming force. First, the influence of the loading angle on the required 
forming force and strain was determined. For low angles, a low load capacity and a high maximum 
plastic strain according to von Mises were recorded. As the loading angle increases, the load 
increases and the maximum plastic strain decreases. Subsequently, the time of failure initiation 
determined by the different measurement methods was compared. The optical and acoustical 
signals lead to earlier detection of the failure initiation compared to the mechanical signal. 
However, the acoustical signal can only achieve a small improvement in the determined failure 
time compared to the optical signal. In the case of a shear stress at -3°, the time of failure 
determined by means of the acoustical signal was even later than the optical measurement. 

In further investigations, an improved recording of the failure initiation in the specimens is to 
be achieved by replacing the AE measurement amplifier. With a different amplification it is 
possible to detect signals with higher amplitudes. In addition, a coupling of the measuring systems 
and the test rig is planned so that the test is interrupted at an early stage with the aid of an automatic 
failure criterion. Furthermore, the experiments will be numerically modelled and the stress state 
will be determined for each evaluation method. Failure models like the MMC model will be 
calibrated based on the results. It is assumed that the failure models for the different methods vary 
significantly due to a difference in the stress state at the specimen surface and in the specimen 
centre. Thus, failure models with higher accuracy can be created to represent processes more 
precisely in the numerical simulation. 
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