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Abstract 
 
 The carbides in tool steels act as hard particles and dictate the wear resistance. The origin of 
failure of these steels is mostly related with the carbide cracking, as a nucleation site of final 
cracks. This paper shows the acoustic emission (AE) signals related with the nucleation (carbide 
cracking) and the crack growth (in the metallic matrix) during a monotonic bending test of a tool 
steel obtained by ingot metallurgy routes  (DIN 1.2379). The paper presents a relationship be-
tween the frequency spectrum of AE signals obtained and the microscopic images during the 
test.  
 
Introduction  
 
 Understanding the fracture events of tools in the manufacturing process is crucial to foresee 
tool lifetime and develop tool steels with improved mechanical performance [1]. Failure detec-
tion helps in predicting premature failure of the tool, which directly affects the price of the man-
ufactured part. The interaction between the two main constituents of the tool steel microstruc-
tures: the primary carbides and the metallic matrix, determines their mechanical properties and 
the performance of tools. 
 
 Carbides play an import role in the mechanical response of these steels, since they act as hard 
particles and dictate the wear resistance. The origin of fracture and fatigue cracking of cast tool 
steels is usually associated with the primary carbides, which break under the applied stress and 
act as initiation sites [2]. However, there is a lack of knowledge about the mechanical behavior 
of carbides in tool steels, mainly due to the experimental difficulties associated with its meas-
urement [3]. With conventional non-destructive testing methods, it is difficult to identify the 
moment when carbides begin to break and even more difficult to identify when the crack starts to 
propagate in the metal matrix because it is necessary to stop the test and inspect the trial.  
 
 The acoustic emission (AE) technique “listens” what is happening within the material during 
the test; because the AE is based on the phenomenon of transient elastic-waves generated due to 
a rapid release of strain energy caused by a structural alteration in the solid material. So, it serves 
as a powerful method to monitor progressive damage accumulation in different materials [4-7]. 
 
 Only scarce data exist in the literature concerning the application of AE for the analysis of 
micro-damage of tool steels. Fukaura et al. [8, 9] and Yokoi et al. [10] are amongst the few au-
thors, who employed this technique to determine the progression of internal damage on tool 
steels. These authors successfully detected AE signals from carbide cracking; the signals started 
at a certain applied load and the event rates continually increased until reaching the fracture 
stress. No continuous AE signals existed (related with plastic deformation processes), but that 
numerous burst emissions at close intervals were recorded instead. Yamada and Wakayama [11] 
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observed a rapid increase in cumulative AE energy prior to the final fracture and attributed this 
phenomenon to the main crack formation. They also distinguished two types of AE signal: one 
was a burst-type signal with high frequency and the other was a low frequency and continuous-
type signal. The former was considered to be emitted from micro-cracking while the latter was 
due to plastic deformation of the binder phase.  
 

 
Fig. 1. Example of broken carbides observed by means of CM (Confocal Microscopy) in the 
tensile stressed surface of DIN 1.2379 specimens. [12] 

 
 In a previous work, Martinez et al. [12] applied AE in a three-point bending test. Three dif-
ferent zones were distinguished during a bending test in a tool steel sample with regard to the AE 
events, and the stress level at which cracking carbides start was also found (Fig. 1). This work 
dealt with real time detection of elastic waves signals generated during a monotonic mechanical 
test, a three-point bending test, in case of a tool steel named DIN 1.2379. The main aim is to 
cluster the recorded signals during the test, based on the spectral characteristics, and correlate the 
classification with the failure mechanism that generates the reference waveform, identified by 
microstructural inspection of the specimen. 

 
Experimental Procedure 
 
 The material studied was a conventional ledeburitic high-carbon, high-chromium tool steel 
named DIN 1.2379 (AISI D2) obtained by ingot metallurgy routes. The main alloying elements 
found in their chemical composition are shown in Table 1. 
 

Table 1. Main alloying elements in the chemical composition of DIN 1.2379 (in wt %). 
 

Steel C Cr Mo W V 
1.2379 1.5-1.6 11.0-12.0 0.6-0.8 - 0.9-1.0 

 
 Prismatic samples were machined from forged and annealed commercial bars parallel to the 
forging direction. Heat treatment was applied to the sample material in order to get a hardness 
level of 60 – 62 HRC, as summarized in Table 2. The bending strength, σR, was reported by 
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Picas et al. [1], and the fracture toughness, KIC, was determined as specified in the ASTM E 399-
90 standard. These values are also shown in Table 2. 
 

Table 2. Heat treatment and obtained hardness and bending strength. 
 

Steel Austenitizing (oil quench) Tempering HRC σR [MPa] [1] KIC [MPa·m1/2]  
1.2379 1050 ºC for 30 min 550 ºC for 2 h (x2) 60 - 62 2847 ± 96 28 

 
 Fracture tests were performed by means of three-point bending tests with a constant span 
length of 40 mm. Samples dimensions were 8 mm x 6 mm x 120 mm. Samples were mechanical-
ly ground and their corners were rounded to avoid stress magnifications and remove any defect 
introduced during sample preparation. Faces subject to tensile stress during three-point bending 
tests were carefully polished to mirror-like finish using colloidal silica particles with approxi-
mately 40 nm sizes. 
  
 Microstructural inspection of the samples was carried out using a FE-SEM (Field Emission 
Scanning Electron Microscope) and the fracture tests were performed in a universal testing ma-
chine using an articulated fixture to minimize torsion effects. The applied displacement rate was 
0.01 mm/min. 
 
 The test was monitored using sensors of a fixed resonance frequency of 700 kHz (VS700D, 
Vallen System GmbH). Three pre-amplifiers with a 34 dB gain of the same brand were also used 
(AEP4). Acoustic Emission (AE) signals were recorded and analyzed using the Vallen Systeme 
GmbH AMSY5 analyzer. The experimental set-up is schematized in Fig. 2. 

 
 

Fig. 2. Experimental set-up for the AE-monitored bending tests. 
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 During the measurements, digital filters of 95-850 kHz were applied. In order to avoid the 
multiple reflections due the small dimensions of the specimen, only the first counts of each hit 
were analyzed as purely representative of micro-damage phenomena. 
 
 Using this set-up configuration, 3 to 5 samples of each material were monitored until final 
fracture. Later, 2 to 3 samples were analyzed by means of stepwise loading (Fig. 3a)) in order to 
relate each type of AE characteristic signal pattern to the generated damage in the microstruc-
ture. Surface inspection of samples was carried out after each load increment in a Confocal Mi-
croscope (CM) (Fig. 3b)). 
 

 
Fig. 3. a) Stepwise loading to final fracture of the sample, σR; b) schema of the micrographically 
inspected zone of samples. 
 
Results and Discussion 
 
A. Microstructural Analysis.  
In Fig. 4 the microstructure of the studied steel can be observed. The microstructure was marked-
ly anisotropic, with large carbide stringers forming bands in the metallic matrix. The primary 
carbides of this steel were rather large and had irregular morphologies.   
 

 
Fig. 4. Microstructure of tool steel, DIN 1.2379. 

B.1. Identification of Characteristic AE Signal Patterns in Bending Tests of 1.2379 under Mono-
tonic Loading. 
Figure 5a) shows the results of the AE signals registered in bending tests under monotonic load-
ing for 1.2379. This diagram plots the cumulative number of hits as a function of the stress ap-
plied and the location of each signal on the sample surface (with respect to the center of the sam-
ple). As it can be observed, the highest amount of signals was generated at the center of the 
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sample (X-Loc. = 0 in Fig. 5a), where the applied stress was the highest during the three-point 
bending test, and the quantity of emitted signal continuously increased with the applied stress. 
The Y axis refers to the applied stress and the Z axis to the cumulated number of hits registered). 
 

 
 
Fig. 5. a) Cumulative number of hits (Z) as a function of the stress applied during the bending 
test (Y) and the location of the signals (X). b) Cumulative number of hits vs. applied stress dur-
ing a monotonic bending test in which two different types of AE signals could be identified; c) 
Cumulative number of hits vs. frequency for the two signals registered. 

 
 A closer look to the AE signals obtained allowed us to classify them into two categories de-
pending on the frequency spectrum. As shown in Fig. 5b), at the beginning of the test, no AE 
signals were detected. At a certain applied stress level, a first type of AE signal started to be rec-
orded (green line in Fig. 5b)). These signals were not continuous but they were emitted in a 
burst-like manner, and the quantity of hits registered increased along with the applied stress. Lat-
er as the stress increased, a second type of signal was distinguished (red line in Fig. 5b)). This 
signal also increased in number of hits together with the applied stress, but at the moment of final 
fracture it attained lower hit values than the first signal type. 
 
 These two signals identified not only differed because of the number of hits, but also they 
had very different characteristic frequencies and waveforms. As shown in Fig. 5c), the first type 
of signal had a main frequency of 280 kHz, while the frequency of the second type was around 
650 kHz. These different frequency ranges of the two signals indicated that the responsible 
mechanisms for emitting them took place at different velocities in the microstructure, i.e. the 
second mechanism would be much faster than the first one. 

 
B.2. Relationship between AE Signals and Micro-Damage during Bending Tests of 1.2379 a un-
der Monotonic Loading. 
Stepwise bending tests permitted to inspect the tensile surface of the samples at different increas-
ing stress levels, and correlate the registered AE data (namely the two different identified signal 
types) to the micro-damage observed in the microstructure. 
 
 In Fig. 6a) the cumulative number of hits as a function of the stress applied at the first load 
step can be observed. This test was stopped at 800 MPa, when the first signals were detected. 
These signals indicated the same pattern as those of type 1 identified before. However, no dam-
age could be observed at the sample surface, as shown in Fig. 7a); it is likely that something 
happened at the microstructure but it could not be detected yet by microscopy. 
 
 The next test was stopped at 2200 MPa, when a higher quantity of AE signal was detected. 
Practically all signals responded to the characteristics of the type 1 identified before, and a small 
number of hits of characteristic type 2 signals were first detected (Fig. 6b)). In this case, the first 
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cracks were observed in the microstructure and they were located at primary carbides (Fig. 6b) 
and c)). However, despite many carbides were broken, none of the cracks nucleated from them 
were observed to have started propagating through the metallic matrix surrounding the broken 
carbide. The last load step at 2600 MPa revealed a notable increase of the type 2 signal, even 
though the number of hits of the type 1 had not ceased to increase (Fig. 6c)), as well as the num-
ber of broken carbides in the sample. The inspection of the surface permitted to observe that 
some cracks had now propagated through the metallic matrix (Fig. 7d)). 
 

 
Fig. 6. AE signal results of monotonic stepwise tests in 1.2379 in terms of the cumulated number 
of hits vs applied stress to: a) 800 MPa; b) 2200 MPa and c) 2600 MPa. 
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Fig. 7. Images of the microstructure of 1.2379 at: a) 800 MPa; b)-c) 2200 MPa and d) 2600 MPa. 

 As it followed from the obtained results, the first and the second AE signal types were related 
to different damage mechanisms occurring in 1.2379 samples as the applied stress increased. The 
first type of signal corresponded to the breakage of carbides in the microstructure, i.e. the nuclea-
tion of cracks, while the second type was emitted by the subsequent propagation of these cracks 
through the metallic matrix. 
 
 The data shown above demonstrate that the AE technique, coupled to the bending tests under 
monotonic conditions, was able to provide accurate information regarding the acting micro-
mechanical and damaging mechanisms of 1.2379. In this case, the nucleation and propagation of 
cracks in the microstructure was well identified by means of two different types of AE signals 
reporting respectively, the breakage of carbides in the microstructure, i.e. the nucleation of 
cracks, and the moment when these cracks left the carbide and grew through the metallic matrix, 
i.e., the propagation of cracks. Therefore, this technique provided a unique and very accurate tool 
to determine the threshold stresses, at which carbides started to break and the stresses at which 
the first cracks were nucleated. 
 
Summary  
 
 The method developed in this study by which bending fracture tests were coupled to AE 
techniques provided helpful results to understand in great detail the failure mechanisms of tool 
steels under such applied loading, as well as the interaction of their microstructural constituents. 
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In the 1.2379 steel studied, two different AE signal wave patterns were identified during a frac-
ture test. These signals were respectively assigned to crack nucleation in primary carbides, and 
the propagation of these through the metallic matrix.  
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