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Abstract. The desired microstructure and mechanical properties of high 
performance steel forgings are increasingly set directly from the forging heat. 
Because many process parameters influence the transformation behaviour, reliable 
predictions about the microstructure formation are challenging.  
 To investigate the material transformation and the current microstructural state 
in situ during the cooling from the austenite region, a new measuring system based 
on the harmonic analysis of eddy currents with high temperature resistant sensors 
was developed. The system allows the determination of the transformation onset, 
degree and end by analysing the signal behaviour of the 1st harmonic, whereas the 
higher harmonics are used to differentiate and quantify the microstructure formation 
of ferrite, pearlite, bainite and martensite. Furthermore the robust measuring system 
was temporarily integrated in a demonstration and an industrial forging line to show 
that an online quality assurance in a serial production can be realized. 

1. Introduction  

Due to many advantages [1], [2] high performance steel components, especially for 
applications in car manufacturing, are usually forged parts. In order to shorten the forging 
process chain and to realize a resource- and energy-efficient production, bainitic steels that 
can obtain their desired microstructure and mechanical properties during the cooling from 
the forging heat without any further heat treatment are increasingly used. Unfortunately, 
due to the fact that many process parameters (e.g. the austenitising temperature or the 
components chemical composition) significantly influence the transformation behaviour, 
predictions about the microstructure’s evolution using CCT-diagrams or simulation results 
are often inaccurate. Therefore safety margins in the process design and an additional 
quality assurance are often necessary.  

2. Measuring system 

Within the project "EcoForge” [3] a new measuring system was developed to detect and to 
monitor the real material transformation and microstructure evolution in steel components 
in situ during the cooling from the austenite region [4], [5]. The measuring principle is 
based on characteristic changes in the electrical and the magnetic properties during the 
formation of ferromagnetic microstructures, fig. 1. In the austenitic state the material’s 
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electrical conductivity is very low and no magnetic hysteresis is present. Therefore the 
custom build high temperature resistant eddy current sensor, which is compensated at air, 
shows only a very low sinusoidal measuring signal. During the microstructure evolution the 
electrical conductivity in the ferromagnetic areas increases and a characteristic magnetic 
hysteresis occurs. This results in a distorted sinusoidal measuring signal with an increasing 
amplitude and characteristic higher harmonics. These higher harmonics can be analysed by 
means of Fast Fourier Transformation (FFT) and show a good correlation with the 
magnetic hysteresis and the mechanical properties [6], [7]. 

 

 
Fig. 1. Measuring principle (details described in the main text) [4] 

3. Characterization of the material transformation and microstructure evolution 

To study the fundamental characteristics of the 1st and 3rd harmonic during the cooling from 
the austenitic state, extensive investigations were carried out using different steel grades 
and forcing different transformation behaviours (e.g. by varying the austenitising 
temperature and the cooling rate). 

3.1 Fundamental signal behaviour 

Figure 2 shows the fundamental signal behaviour of the 1st and 3rd harmonic, the 
temperature profile and the related magnetic hysteresis during the cooling from the 
austenitic state using a cylindrical steel sample with the dimensions Ø 15 mm x 80 mm. 
The sample (18CrNiMo7-6 / 1.6587) was heated in a furnace under neutral coal at a 
temperature of 900 °C for 20 minutes. The subsequent cooling-down was carried out in air 
with free convection. 
The 1st harmonic’s amplitude increases during the material transformation and reaches its 
maximum at the end of transformation. This is mainly due to the fact that the magnetic flux 
in the sensor increases with higher amounts of ferromagnetic material. In the impedance 
plane the end of transformation is characterized by a significant phase shift that allows its 
reliable detection. The slightly decreasing amplitude during the following transformation-
free cooling can be attributed to the temperature-related changes in the electrical and 
magnetic properties. 
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The 3rd harmonic’s amplitude increases at first until it reaches a maximum and then 
decreases until it reaches a steady state value at the end of the transformation. In the 
impedance plane the signal describes a related characteristic loop, which is based on two 
opposing effects: In the beginning, the magnetic flux density in the few ferromagnetic areas 
is very high, so that the magnetic hysteresis is more pronounced and the non-linear 
distortion of the measuring signal is relatively high. At the same time the overall signal’s 
amplitude is very low - therefore the 3rd harmonic’s absolute amplitude is also low. During 
the transformation these relations change and the 3rd harmonic’s absolute amplitude reaches 
its maximum. In the end, when the material is fully transformed, the overall signal’s 
amplitude is very high, but there is only a slight distortion in the measuring signal due to 
the low magnetic flux density - therefore the 3rd harmonic’s absolute amplitude is again 
relatively low. 

 

 
 

Fig. 2. Characteristic signal behaviour of the 1st and 3rd harmonic 
 

3.2 Characterization of the microstructure evolution 

In order to differentiate and to characterize the microstructure evolution during the cooling 
from the austenitic state, the signal behaviour of 13 different steel grades was investigated 
and compared. Figure 3 shows three examples: a precipitation hardening ferritic-pearlitic 
steel (AFP, 38MnVS6 / 1.1303), a case hardening steel (18CrNiMo7-6 / 1.6587) with a 
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bainitic microstructure and a newly developed high-strength ductile bainitic steel (HDB, 
22MnSiCr6-6-5) with a bainitic microstructure. The experiments were conducted twice to 
confirm the reproducibility of the microstructure evolutions and the measuring results. 
 

 
Fig. 3. Microstructure characterization and reproducibility for three different steel grades  

 
As seen in fig. 3, the reproducibility within one steel grade (solid and dotted lines) is very 
good. Due to the different microstructural evolutions in the different steel grades the 
transformations started and ended also at different times (1st harmonic) and the 
characteristic loops of the 3rd harmonic in the impedance plane differ in their phase angle. 
This phase angle of the 3rd harmonic correlates with the microstructure hardness and can be 
used to characterize the microstructure evolution already during the cooling process.  

3.3 Characterization and quantification of the microstructure components in a mixed 
microstructure 

The main transformation regions ferrite, pearlite, bainite and martensite are usually 
separated by a more or less pronounced, slowly transforming region, fig. 4. Therefore, 
during the continuous cooling from the austenitic state the 1st harmonic temporarily stops 
increasing and allows the differentiation of the individual microstructures. 
The material 18CrNiMo7-6 for example shows a strongly pronounced, slowly transforming 
region between the ferrite (red) and the bainite (blue) formation. Taking into account that 
the 1st harmonic describes the onset, the end and the transformed volume fraction, the 
operation point that is reached during the temporal stop can be used to quantify and 
estimate the amount of ferrite and bainite - even though the 1st harmonic’s amplitude is not 
directly proportional to the degree of transformation.  
The related signal behaviour of the 3rd harmonic in the impedance plane shows the 
formation of two uncompleted loop with different phase angles - one from the formation of 
ferrite and one from the bainite.      
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Fig. 4. Quantification of microstructure components, partly recompiled from [5] 

4. Online quality assurance in industrial forging lines 

Due to its robustness the measuring system can be used even in harsh environmental 
conditions, such as industrial forging lines [8]. Within the project EcoForge investigations 
were carried out to demonstrate the possibilities of a controlled cooling directly from the 
forging heat and an online quality assurance [4], [5]. 
Figure 5 shows a two-stage cooling process of some forged common rail demonstration 
components made from the HDB-steel 22MnSiCr 6-6-5 in a water-air spray field, 
surrounded by the water-cooled eddy current sensor. The aim was to rapidly cool down the 
component without falling below the martensite start temperature followed by an 
isothermal bainitic transformation of the component in a ceramic isolated mount. 
The almost identical transformation behaviour of the forged samples (grey curves) 
principally indicates a stable production and heat treatment process. Only one sample (red 
curve) showed a significantly different transformation behaviour: The formation of 
ferromagnetic structures began considerably before the transfer of the sample from the 
spray field into the isolated mount (interruption in the red measuring signal). A detailed 
microstructural analysis revealed an inclusion of foreign, ferritic material with a very low 
hardness in the core region of the forged common rail, about 12 mm from its surface. 
Additional investigations confirmed that the inclusion was due to a welded shrinkage cavity 
of the cast block prior to rolling and that the related forging blank was not properly rejected 
by mistake. 
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Fig. 5. Online quality assurance during the heat treatment of forgings [4] 

5. Conclusions 

The robust measuring system developed allows - in combination with custom-build high 
temperature resistant eddy current sensors - the in situ detection, characterization and 
quantification of the material transformation and microstructure evolution in steel samples 
even under harsh industrial conditions. Thus, the system provides new process support to 
realize a shortened process chain with a controlled cooling directly from the forging heat as 
well as an online quality assurance. 
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