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Abstract 

 
The automotive manufacturers currently use advanced high-strength steels (AHSS) to pro-

duce lightweight vehicles with increased safety performance. While showing excellent strength-
to-weight ratios, AHSS have several limitations due to the high loads required in cold forming 
and cutting processes, which lead to accelerated wear and premature fracture of tools. Thus, new 
tool materials with improved mechanical behavior ought to be developed with regard to the tool 
failure mechanisms. The aim of this work is to shed light on the fracture mechanisms acting in 
tools (i.e. crack nucleation and propagation) applying the acoustic emission (AE) technique. 
Bending tests using two different tool steels were monitored in order to establish a relationship 
between AE signals and fracture events.  
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Introduction 

 
The utilization of advanced high-strength steels (AHSS) in structural automotive components 

has been broadened in the past few years to satisfy the stronger regulation towards low CO2 
emissions and high safety performance of vehicles. The high fracture strength of AHSS (from 
600 to around 1500 MPa) enables to manufacture parts with high crash-resistance and light-
weight. Conversely, the high yield stress of AHSS is a main inconvenience during cold forming 
and cutting processes, since the high loads, which are required cause accelerated wear and pre-
mature fracture of tools [1]. Thus, the development of new tool materials combining high wear 
resistance and fracture toughness is required to fully exploit the potential of AHSS. In this 
framework, proper tool-steel microstructural design is needed, taking the influence of the micro 
constituents on the fracture event into account. The size, shape and distribution of the primary 
alloy carbides embedded in the matrix, as well as their chemical composition and mechanical 
properties, are being studied to optimize the mechanical response of tool steels [2]. 

 
A detailed examination of conventional AHSS forming tools (i.e. tools employed in cutting, 

drawing, stamping, bending and profile rolling) has permitted to identify that fatigue is one of 
the most common mechanisms involved in tools failure. Fatigue initiation sites are usually re-
lated to the presence of broken primary carbides, from which cracks start to propagate under the 
applied stress fields [3, 4]. Thus, an increase of carbides mechanical properties is expected to 
raise fracture and fatigue resistances of tool steels. This is why Casellas et al. [2] used nano-
indentation techniques to determine the mechanical properties (i.e., hardness, Young’s modulus 
and fracture toughness) of primary carbides embedded in several tool steels. However, as shown 
by Picas et al. [3], the fracture strength of carbides not only depends on their mechanical proper-
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ties, but also on their shape, arrangement and presence of internal defects. Accurate data on the 
primary carbides fracture strength in tool steels will bring valuable knowledge to light, concern-
ing the global mechanical response of tools. 

 
The obtained results were promising, showing the applicability of AE to the characterization 

of fracture mechanisms in tool steels. It is well known that AE can be used as a non-destructive 
method for testing material degradation. AE is based on real-time detection of elastic waves, 
generated in a volume of stressed material as a result of the micro energy emissions induced in 
different internal dynamic micro mechanisms (i.e. plastic deformation, movements in edge dislo-
cations, sliding, grain rotation, micro fractures of inclusions, appearance or propagation of crack-
ing, etc.). The first work showing the application of AE in tool steels was carried out by Fukaura 
and Ono [5]. They used AE to determine the stress level at which carbides start to break. Fukaura 
and Ono showed the relationship between the characteristic AE wave parameters and material 
damage evolution. However, as these authors indicated, the use of relatively low-frequency sen-
sors (375 kHz) might have had introduced some limitations that could have been avoided by the 
application of higher resonance frequency detectors. That is why in the present work, 700 kHz 
sensors are employed. Yamada and Wakayama [6] related the signal types registered in a bend-
ing test to their predominant frequency, and correlated continuous low-frequency signals to plas-
tic deformation events, while sudden high-frequency signals to fracture events.  

 
Aimed at better understanding the role of the microstructural constituents (primary carbides 

and metallic matrix) in the fracture mechanisms of tool steels, this work is focused on the appli-
cation of AE in monotonic bending tests to determine the stress levels, at which carbides start to 
break.  
 
Experimental procedure 
 
A. Specimens 

Two commercially available tool steels were selected: DIN 1.2379 (equivalent to AISI D2) 
and a tool steel named as UNIVERSAL (developed by ROVALMA S.A.). The chemical compo-
sition of both can be found in [2]. The DIN 1.2379 tool steel shows a ledeburitic microstructure 
with primary carbides formed during solidification by the eutectic reaction ⇒ γ  + M7C3 [7]. In 
UNIVERSAL steel two types of primary carbides are present, one type is M7C3 but shows higher 
vanadium and tungsten content than those found in DIN 1.2379, and the second type is vana-
dium-rich MC and shows increased hardness and toughness values compared to the other types. 
Properties of these carbides can be found in reference 2. Carbides in DIN 1.2379 have elongated 
shapes and are dispersed in the matrix forming bands along the forging direction. In the mean-
while, primary carbides of UNIVERSAL steel are more equiaxed and homogeneously distributed 
in the matrix [3]. 

 
Prismatic specimens with dimensions 50 x 8 x 6 mm were extracted from forged billets, with 

the longitudinal axis parallel to the forging direction. The obtained samples were heat treated by 
quenching in oil and tempering up to a hardness of 60 - 61 HRC (heat treatment schedule can be 
found in [2]).  
 
B. Monitored AE-bending test. 

A three-point bending test was used to evaluate the mechanical behavior of specimens. The 
surface exposed to tensile stress was ground and polished, and the edges were rounded in order 
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to avoid stress concentration effects. Tests were carried out in a universal testing machine in air 
at room temperature and the load rate was fixed at 1 mm/s. 

 
Two small magnetic AE sensors were attached at both ends of the specimens in order to de-

tect the AE signals. The sensors had a fixed resonance frequency of 700 kHz (VS700D, Vallen 
System Gmbh). Two pre-amplifiers with a 34-dB gain of the same brand were used (AEP4). 
Signals were recorded and analyzed using the Vallen Systeme Gmbh AMSY5 analyzer. During 
the measurements, digital filters of 95-850 kHz were applied. 

 

 
Fig. 1: Diagram of the experimental setup. 

 
C. Test procedure.  

For each type of tool steel, several bending tests were first carried out to the breakage of the 
specimen in order to define the typical AE signal pattern in the fully run test. Later, the tests 
were paused upon significant changes of the AE signals. However, a maximum load of 70 % of 
the material fracture strength was applied so as to prevent the sensors from being damaged as a 
consequence of the sudden specimen break. DIN 1.2379 and UNIVERSAL characteristic frac-
ture strength values were determined by Picas et al. and can be found in [3]. At each halt, the 
surface subjected to tensile loading was examined by means of optical and confocal microscopy 
(OM and CM) to identify the potential sources in the microstructure responsible for the detected 
changes in AE signals.  
 
Results and Discussion 
 

The results obtained in the fully run tests are displayed in Figs. 2 and 3 for DIN 1.2379 and 
UNIVERSAL respectively. They show the correlation between the applied stress and the AE 
signal intensity as a function of time.  Both DIN 1.2379 and UNIVERSAL steels show a similar 
pattern with regard to the captured AE signals. Three different zones can be distinguished:  
 
First zone 

During the first stage of the test, AE signals are almost absent. The reason is that the material 
is under elastic deformation and neither the carbides nor the matrix show fracture or plastic de-
formation. In other words, once the noise is filtered out, the absence of AE signals can be associ-
ated with material linear behavior.  Nonetheless, the detection of a few isolated AE signals could 
presumably be caused by the fracture of some carbides or a material chip off due to polishing; 
even though no certainty can be given at this point.  
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Fig. 2: Bending test results for steel DIN 1.239. Blue line: stress vs. time; red points: AE signal 
amplitude vs. time.  
 

 
Fig. 3: Bending test results for steel UNIVERSAL. Blue line: stress vs. time; red points: AE sig-
nal amplitude vs. time. 
 
Second zone 

In this zone appear the first AE signals. In the DIN 1.2379 they start at approximately 11 s 
and in the UNIVERSAL at 27 s, which correspond to a stress level of 640 MPa and 1700 MPa, 
respectively. The signals increase gradually in intensity and abruptly in number. During this 
stage, several broken carbides can be discerned in the steel microstructures. As shown in Figs. 4 
and 5 for DIN 1.2379 and UNIVERSAL, respectively, the amount of broken carbides increases 
considerably with the rising stress. In some cases a small area of plastic deformation appears.   

 
Third zone 

The amounts of detected signals, as well as the cumulative energy, considerably increase. 
The intensity does not increase but, in contrast, the average value shows a slight decrease. At 
these stress levels, a high number of carbides are found to be fractured, the plastically deformed 
areas have spread and deepened and even small cracks are observed in the matrix, as shown in 
Fig. 6. At this point, the test has been stopped to prevent the sensors from damage due to the 
sudden specimen breakdown. As shown by Picas et al. [3], the number of broken carbides and 
matrix cracks is expected to keep growing up to coalesce the ones with each others, leading to 
the final fracture. 
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Fig. 4: Example of broken carbides observed by means of CM in the tensile stressed surface of 
DIN 1.2379 specimens. 

 

 
 

Fig. 5: Example of broken carbides observed by means of CM in the tensile stressed surface of 
UNIVERSAL specimens.  
 

In this study, the stress level at which carbides are found to start breaking in DIN 1.2379 is 
640 MPa. This is around 20 % of the fracture strength determined for this material [3]. In the 
case of UNIVERSAL, the signals that point out breakage of carbides appears from 1700 MPa, 
which corresponds to approximately 45 % of the fracture strength of this material [3]. Such re-
sults can be explained by the lower fracture toughness of primary carbides in DIN 1.2379, as has 
been previously evaluated by Casellas et al. [2], and the elongated shape and arrangement in 
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bands (in which local stresses can be higher) of carbides in DIN 1.2379, as has been stated by 
Picas et al [3].  
	  

	  	  	  	  	  	  	  	  

 
Fig. 6: Broken carbides, plastically deformed areas and small cracks in the matrix can be identi-
fied by means of CM in the tensile stressed surface of specimens: a) DIN 1.2379 at 2100 MPa 
and b) UNIVERSAL at 2800 MPa. 
 

This investigation is currently run in order to study other AE parameters that could bring 
valuable information regarding the physical phenomena involved in the fracture event. The 
analysis of waveforms to identify the sources, using their frequencies, is of special interest to 
develop an efficient diagnostic system. Some of the results presented here show agreement with 
those obtained by Yamada and Wakayama with Ti(C,N)-based cermets [6]. Basically, two types 
of AE signals can be identified: a high-frequency burst-type signal and a lower-frequency con-
tinuous type. The first type could be attributed to the carbide micro-cracking processes while the 
continuous type could be related to plastic deformation in the matrix. Although this theory is 
consistent with the results obtained in this study, additional research is required to ascertain these 
correlations. 
 
Conclusions 
 

According to the experimental results obtained by means of coupling AE to bending tests, 
and the microstructural observation of two different tool steels, the following conclusions can be 
drawn: 
 
1. AE is an appropriate experimental tool to detect carbide cracking in tool steels microstructure. 
 
2. An experimental relationship has been established between the fracture of carbides and the 

obtained AE signal. The stress levels, at which carbides were broken, were determined by AE 
and experimentally confirmed by microstructural inspection. 

 
3. The tool steel with the highest broken carbide content induces the highest quantity of AE sig-

nals with more temporal dispersion. 
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