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Abstract. Service life and performance of the case-hardened machine parts are 
greatly dependent on the residual stress state in the surface layers which directly 
affects the fatigue behavior. The manufacturing industry has been requested for a 
fast and non-destructive determination of residual stress. This study aims at non-
destructively monitoring the variations in surface residual stress in carburized steels 
by magnetic Barkhausen noise (MBN) and X-ray diffraction (XRD) techniques. To 
comprehend the differences in the residual stress levels, samples were tempered in 
the range of 180oC – 600oC after carburizing. In addition to the residual stress 
measurements, microstructural investigations and hardness measurements were 
conducted. The results show that MBN activity increases with increasing 
temperature due to the softening of the microstructure and decreasing the level of 
compressive surface stresses. The present work demonstrates that, with a proper 
calibration, MBN-technique can be used to monitor surface residual stress level of 
carburized steels.  

1. Introduction  

Carburizing enhances hardness, wear resistance, and fatigue performance of the highly 
stressed machine parts such as shafts and gear wheels. Martensite formation in the surface 
layer, enriched by diffusion of carbon atoms at elevated temperatures, gives rise to the 
strengthening of the surface layer and also forms compressive residual stresses [1,2]. The 
effect of the external tensile stresses acting on the components is reduced by the existing 
compressive residual stresses, so the vulnerability to failure can be remarkably reduced. 

The formation of residual stress in the carburized components is the result of 
various phenomena: differences in volume between the high- and low-C zones and between 
different phases, temperature gradients, and local plastic deformation during the austenite-
to-martensite phase transformation. 
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Different microstructures and residual stress state may be observed in carburized 
components even if they are having the same hardness profiles. Prediction of the 
microstructural transformation and the residual stress distribution is quite difficult. Among 
various methods available to measure residual stress, only the X-Ray Diffraction (XRD) 
method has the appropriate spatial and volumetric resolution that adequately characterizes 
the residual stress distributions. 

Magnetic Barkhausen noise (MBN) technique, offers a much faster and non-
destructive alternative to monitor the residual stress levels and microstructure. This 
technique is also suitable for automation. MBN-technique relies on the motion of domain 
walls. Domains which are easily magnetized along a certain crystallographic direction are 
the constituents of ferromagnetic materials. Domain walls are the place where neighboring 
domains are separated from each other. Upon application of a variable external magnetic 
field, irreversible jumps of domain walls occur due to discontinuous domain wall motion, 
nucleation, and annihilation of domains. When the magnetic field strength exceeds a critical 
level, the motion of the domain wall continues by Barkhausen jumps which can be detected 
as the voltage pulses induced in a pick-up coil positioned close to the surface. Various 
Magnetic Barkhausen Noise (MBN) parameters can be obtained by the amplification, 
filtration and the processing of the MBN signal. Domain wall movements are affected by 
microstructural features such as precipitates, grain and phase boundaries, and local stress 
regions. Residual stresses influence the area of the domain walls whereas microstructure 
affects the pinning sites for the domain walls. Reduction in the area of 180° domain wall by 
compressive residual stress causes a decrease in the MBN emission. 

It has been reported that the maximum value of the compressive residual stress 
increases and its position shifts toward the sub-surface zone with increasing case hardening 
depth [3]. XRD measurements in the carburized 21NiCrMo2 steel showed the presence of 
the compressive residual stresses on the surface up to 550 MPa [4]. There are limited 
numbers of publications about the characterization of carburized steels by MBN technique. 
The influence of elastic tensile and compressive stresses of various magnitudes on the 
MBN signals was verified by XRD technique, and the peak amplitude of MBN emissions 
was found to correlate with both residual and applied stress, showing a clear rising trend for 
the transition from compressive to tensile stress [5]. Both high and low-frequency MBN 
measurements in the carburized steels were correlated to the residual stress depth profiles 
measured using XRD method: the high-frequency MBN emission indicated the changes in 
the surface residual stress, but not deeper than 10 µm [6]. Case-hardened 17CrNiMo7-6 
steels were investigated to establish a multi-parameter MBN method for determining 
residual stress, and the results indicated that the response of the material was mainly 
consistent with the MBN emission, but some unequal correlations were found [7]. In 
another study, the RMS value of the MBN voltage and coercive force showed the best 
correlation with residual stress variations in the quenched steels [8].  

The aim of this study is the nondestructive investigation of the carburizing-induced 
residual stress variations in steels by MBN method. The results of the MBN measurements 
on the carburized 19CrNiH5 samples were compared with XRD residual stress 
measurements. 

2. Experimental Procedure 

Four sample sets were prepared from 19CrNi5H steel rods (Table 1) by applying the same 
carburizing procedure followed by different tempering procedures in Türk Traktör 
Company.  
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Table 1. Chemical composition of the 19CrNi5H steel (%) 

C Si Mn P S Cr Ni Mo Al V 

0.18 0.26 0.95 0.014 0.026 1.01 0.94 0.05 0.031 0.009 

 
The sample sets were machined and ground to the rectangular shape having 

dimensions of 165mmx36mm x10mm. Samples were carburized for 8 hours at 900°C using 
the mixture of C3H8(g) and the shielding gas (33% H2, 28% CO, 0.8% CH4). The samples 
were held under the atmosphere containing 1.1% C, and then, the process was continued 
with the atmosphere containing 0.8% C, not to exceed the surface carbon concentration of 
0.9% C. After cooling down to the shell oxidation temperature of 880°C, the samples were 
quenched in oil. The next operation was tempering heat treatment to observe the effect of 
tempering on residual stresses. Three different tempering processes were applied separately 
at 180°C, 240°C and 600°C for 3 hours, while one set was left in as-quenched from. At the 
end, the sample sets were sand blasted as a routine process in the industry.  

In XRD measurements by Stresstech Xstress 3000 G2/G2R, Cr Kα radiation was 
employed by focusing on the ferrite {211} planes at 2Θ≈156°. The average penetration 
depth was 4.7 μm [9]. Measurement directions were 0°, 45° and 90° with respect to the 
rolling direction of the specimens. Five points that are distanced equally were chosen for 
the measurements. Totally 10 tilt angles from -40° to +40° were evaluated.  

The MBN measurement parameters were optimized by using 160 different 
Barkhausen Noise signal. In the optimization process, voltages varying from 2 to 16 volts 
and frequencies from 0 to 1000 Hz was used. For choosing the optimum measurement 
parameters reliability, sensitivity, validity of MBN signal with respect the residual stress 
levels obtained from XRD were considered. The details of this measurement parameter 
optimization process can be found in [10]. 

Root mean square (RMS) value of MBN signal was measured with Rollscan 300 
equipment. Magnetizing voltage and magnetizing frequency that was optimized as 10 Volts 
and 250 Hz, and a filter that passed frequencies from 70 to 200 kHz was used. Five 
measurements were carried out in three measuring directions, namely 0°, 45° and 90°. The 
reliability of MBN measurement was quantified by the R2 coefficient obtained from the 
Pearson’s correlation.  

 

 

Fig. 1 Magnetic Barkhausen Noise bursts after optimization process 

 
Retained austenite content was measured according to four peak method [11] using 

GE-Seifert XRD equipment. This measurement was done on the same points used for stress 
measurements. Then, the residual stress in the austenite phase was measured for the 
austenite {311} planes at 2Θ≈129°. 
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Microstructure examination was performed on smaller samples cut from the 
carburized samples via abrasive cut-off machine. The samples were then ground, polished 
and etched with 2% Nital solution. The RD-ND (rolling direction – normal direction) 
planes of the samples were examined via optical microscope (Huvitz HDS-5800 imaging 
system) under bright field illumination. The Vickers hardness measurements were 
performed by Shimadzu HMV-2T machine, using a load of 200 g and the readings were 
taken from the surface zone of each specimen.  

3. Results and Discussion 

3.1 Microstructure and Hardness  

The microstructure of the surface zone consists of martensite and retained austenite. 
Retained austenite volume was measured as 10.6±2.2% for the 180°C tempered sample. It 
was expected to have retained austenite in the non-tempered sample, but it could not be 
measured due to low peak intensities. When the sample was tempered at 240°C and 600°C, 
retained austenite volume decreased to 0% that all the retained austenite may transform to 
other phases. This is because the martensite start temperature is about 190°C for carburized 
19CrNi5H steel. 

Measurements showed that hardness values increase remarkably from the core to 
the carburized surface regions. On the surface layer of the as-quenched sample, the 
hardness value is about 70 HRC. Upon tempering heat treatment of 180°C and 240°C, this 
hard surface layer softens to 68 HRC and 63 HRC, respectively. When tempering 
temperature increases to 600°C, surface layer softens down to 45 HRC. From hardness 
measurement, it can also be deduced that the carburized depths are about 0.75 mm for the 
samples although there is some difference in the case-depths due to measurement error. 

 

 
Fig. 2 Effect of tempering on the hardness values of the carburized 19CrNi5H steel (900°C/8h) 

 
Microstructural analysis showed that the case region consists of needle-like 

martensite, while core have martensite and Widmanstätten ferrite that started to grow at the 
prior austenite grain boundaries. Ferrite and/or pearlite phases were not observed in the 
core since cooling rates were near between the case and the core due to thinner sample. The 
microstructure is still needle-shaped martensite although ε-carbides form and martensite 
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loses its tetragonality at 180°C. During tempering at 600°C, retained austenite transforms to 
Widmanstätten ferrite, and the carbides start spheroidising. At this temperature, the 
microstructure coarsens, so the average size of the domain walls increases. 

 

  

a)   Carburized sample (Case) b) Carburized sample (Core) 

  

c) After tempering at 180°C (Case) d)   After tempering at 180°C (Core) 

  

e) After tempering at 600°C (Case) f) After tempering at 600°C (Core) 

Fig. 3 Representative micrographs of the samples 
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3.2 Residual Stress  

XRD measurements revealed that residual stress values decrease (irrespective of sign) with 
increasing tempering temperature (Fig. 4).  
 

 

Fig. 4 Effect of tempering on the surface residual stress of the carburized 19CrNi5H steel (900oC/8h): 
 the results of the XRD measurements 

 
During cooling, phase transformation in the core starts prior to that of the surface 

when compressive shrinking stresses are acting on the core, which are balanced by tensile 
surface stresses. Both tensile surface stresses and compressive core stresses may cause 
plastic deformation due to the relatively high temperature. Upon further cooling, the 
austenite in the sub-surface regions with lower carbon content starts to transform into 
martensite. Austenite-to-martensite transformation causes an increase in volume while 
surface and near-surface regions restrain this expansion. When the temperature 
compensation between the core and the surface is completed the compressive residual 
stresses exist at the surface, which are balanced by the tensile residual stresses in the core. 
The maximum residual stress value is located just below the surface, and compressive 
residual stress values are diminishing toward the core. With increasing case depths, the 
maximum values of compressive residual stress increase and shift toward the core. 
Carburized specimens are almost always tempered to obtain the more stable tempered 
martensite instead of unstable and brittle as-quenched martensite. This thermal treatment 
leads to an increase in ductility, and the transformation of retained austenite tends to 
decrease distortion. 

MBN measurements indicated that RMS values of the samples increase with 
increasing tempering temperature since the magnitude of the compressive residual stress 
decreases (Fig. 5). In the as-quenched specimen, the high dislocation density in the 
martensite needles acts as a barrier to the movement of the domain walls. A strong field is 
required for reversal of magnetization due to low domain wall movement and difficulties in 
domain wall nucleation. Beside, micro residual stresses in the martensite needles decrease 
MBN emission. Upon tempering, the crystal structure of the martensite losses its 
tetragonality and dislocation density decreases; thus, reverse domain nucleation and domain 
wall motion takes place at lower magnetic fields. All these factors count for easy domain 
wall movement, hence, the amplitude of the MBN increases. 
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Fig. 5 MBN root mean square values of the carburized (900oC/8h) and the tempered samples 

 
 When root mean square values of MBN measurement was compared with the 

residual stress state, it can be deduced that MBN measurement was reliable for residual 
stress determination (Fig. 6). This correlation shows that residual stress values can be 
determined by Magnetic Barkhausen Noise method. Compared to XRD stress 
measurement, MBN measurement technique is faster for determining the stress values 
almost as accurate as XRD technique. 

It should be noted that, the here-presented correlation is valid only for the present 
900°C/8h carburizing of 19CrNi5H steel. When the carburizing conditions and/or steel type 
changes another correlation has to be found. Moreover, the RMS values of the MBN 
depend on both hardness and residual stress levels. Since, increasing tempering temperature 
effects the RMS values and the residual stress levels in the same direction, the correlation is 
excellent. A more detailed study has to be conducted to understand the individual effects of 
residual stress level and softening of the microstructure. 

 

 
Fig. 6 Correlation between RMS (mV) and residual stress (MPa) 
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4. Conclusion 

The effectiveness of the Magnetic Barkhausen Noise (MBN) method for non-destructive 
monitoring of residual stress variations in the carburized 19CrNi5H steel was investigated. 
Various sample sets were prepared from 19CrNi5H steel by carburizing at 900°C for 8 
hours, followed by tempering at different temperatures (180°C, 240°C, 600°C). The 
residual stress values were determined by XRD and MBN techniques. 

XRD stress measurements revealed that compressive residual stresses exist on the 
surface of the carburized sample, and their magnitude decreases with increasing tempering 
temperature. The results of the MBN measurements gave the similar tendency. The RMS 
value of the MBN emission increases with increasing tempering temperature, i.e., with 
decreasing magnitude of the compressive residual stress. Domain wall pinning effects of 
high dislocation density and needle-like martensite phase lower the MBN activity in the 
carburized sample. Depending upon the tempering temperature, dislocation density 
decreases and the crystal structure of the martensite losses its tetragonality, thus, nucleation 
and movement of the domains become easier which results in an increase in the MBN 
emission. 

Measurement by the MBN technique is much faster than the XRD technique while 
both techniques give similar tendency for residual stress variations. MBN technique is a 
strong candidate for nondestructive qualitative monitoring of residual stress variations in 
the carburized and tempered steels. With an appropriate pre-calibration procedure 
considering the effect of microstructure, MBN technique may give reliable quantitative 
results for the residual stresses. 
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