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ABSTRACT 

 

This work concentrates on the non-destructive magnetic Barkhausen noise (BN) method. The 
BN method can be utilized in the detection of altered material properties such as changes in 
microstructure and stress. Method can be used e.g. in detection of grinding burns from hardened 
and ground gears. One challenge in the BN utilization is the lack of standardized quantification 
processes and varying guidelines for the use of the method. 

One of the aims of this study was to manufacture calibration samples for BN device to be used 
in quality control. The calibration samples must be characterized properly (microstructure, 
residual stress, surface condition) in order to use them. Then, the calibration samples can be 
used directly to verify the readings of the measurement device. In addition, these samples allow 
a more thorough analysis of the BN signal. The verification of the Barkhausen noise readings 
will give more confidence to the quality control. Two possible methods, induction heating and 
laser processing were studied for creation of controlled thermal damages. Laser processing was 
found to be more suitable method for producing these controlled thermal damages. 

One of the current topics of BN method development is its application to case-depth 
measurements of hardened components. The non-destructive detection of hardened layer 
thickness would be useful in detection of layer left for re-grinding and verification of case-
depths of hardening heat treatments. This study presents also results of the utilization of 
commercial Rollscan equipment to case-depth analysis. Method presented here is based on 
magnetizing voltage sweeps generated from the hardened samples. Calculated slope from 
magnetizing voltage sweep and division of these measured slopes using varying frequencies can 
give information about the sample with composition gradients and microstructure gradients 
related to case-depth value. 

The relation between BN and stress is not yet well understood. This study also concentrates on 
this part of BN phenomenon. Here elastic stress was applied to case-hardened steel samples to 
examine the effect of elastic stress to BN responses. The stress sensitivity was found to be 
different in test bars with different hardness values obtained with tempering. The results 
revealed a linear behaviour of the reciprocal RMS value as a function of the applied stress. The 
stress  sensitivity  of  the  RMS  value  was  noticed  to  depend  on  the  surface  hardness  of  the  
specimen. 
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1. INTRODUCTION 

 
Renewable energy sources have recently gained importance due to an increased energy 
consumption and the regulations for limiting greenhouse emissions. One of the most important 
sources of renewable energy is wind. More wind turbines are being built all over the world due 
to the booming wind energy markets and with increased investment support for renewable 
energy  solutions.  In  other  fields  too,  such  as  the  transportation  industry,  the  need  to  reduce  
energy and raw material consumption by improving the manufacturing process is recognised. 
Due to the increasing demands in the manufacturing industry, requirements for long-lasting and 
reliably working gear components have emerged. In order to produce reliable and functional 
gearing, for example for wind turbine and heavy industry applications, the requirements for the 
production and, especially, the quality control and non-destructive testing of parts are critical. 
One aspect of quality control in gears is to detect possible material defects arising from heat 
treatment, grinding, milling and turning. In wind turbine gear manufacturing, grinding burn and 
quench crack detection is important. The fabrication process may cause changes in material 
properties, such as microstructure and texture. In addition to this, residual stresses may be 
created within the material due to inhomogeneous plastic deformation or thermal gradients 
during manufacturing. Macroscopic residual stresses prevail in the work piece over at distance 
comparable to the component size while microscopic residual stresses occur on a smaller scale 
within and between different phases and grains around dislocation structures. Stresses may be 
beneficial or detrimental to the component depending upon the nature of the stresses, 
compressive or tensile. 
 
Non-destructive evaluation (NDE) is performed to gain confidence in the structural integrity of 
components. A calibration procedure performed with a known reference or calibration block is 
normally required prior to non-destructive testing. However, if the measurement technique is 
rather  new  and  has  not  been  in  use  for  long,  then  there  is  a  lack  of  personnel  qualification  
schemes or calibration standards. In these situations, the need to demonstrate both the accepted 
and rejected material status is relevant. Usually, some flawless calibration blocks are used but 
the signal should also be verified with rejection level pieces. Signal level detection also 
confirms the proper and functional usage of the measurement equipment itself. Furthermore, the 
degradation and wear of the sensor equipment can be estimated by comparing accepted and 
rejected signals. 
 
One option for demonstrating the rejected status is to produce an inspection test piece which 
mimics the components in question and contains deliberately produced defects such as 
decreased surface hardness and internal stresses in the case of grinding burn detection. Usually 
industrial NDE inspections require a realistic test piece that is manufactured from the same 
material as that normally inspected and has the same geometry as the inspected part in order to 
perform the calibration in the same manner as the actual inspection. 
 
This work concentrates on the non-destructive magnetic Barkhausen noise (BN) method. The 
BN method is utilized in the detection of altered material properties such as changes in 
microstructure and stress. The method is widely used for the detection of grinding burns in 
hardened and ground gears. The challenges for the utilization of this method include e.g. the 
lack of a standardized quantification process and varying user guidelines. This work tackles 
these challenges using several different approaches. 
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2. NON-DESTRUCTIVE EVALUATION 

 
Non-destructive testing (NDT) or non-destructive evaluation (NDE) is characterized as the 
examination of an object with technology without affecting the future usefulness of the 
inspected component [1]. Usually the term NDT refers only to the actual test itself whereas 
NDE refers to the testing and the role of testing in the process [1]. One branch of NDT is the 
non-destructive characterization (NDC) methods that can be performed to investigate the 
properties of materials and their fitness for use in predictive maintenance procedures and 
process monitoring [2]. The main advantage of an NDT method compared with destructive 
detection methods, such as hardness testing and microscopy techniques, is that the tested 
component can be used after the NDT inspection. Generally, destructive testing such as 
mechanical testing and metallographic examination requires test samples to be taken from the 
production line and sectioned into suitable pieces. The results from these destructive tests are 
quantitative e.g. hardness values or tensile strengths, while non-destructive testing often 
provides qualitative information e.g. visualizing the flaw but not obtaining detailed dimensions 
or indications of the seriousness of the flaw.  
 
The physical phenomena behind NDT inspection methods may vary from magnetism-based 
methods such as magnetic flux leakage measurement, magnetic particle inspection and 
Barkhausen noise (BN), to transmission of different signals including ultrasound, acoustic 
emission, thermography and X-rays. NDT measurements can be carried out, for example, in the 
quality control of components. In addition, NDT can be performed in failure analysis and in-situ 
measurements of installed components to ensure safe and efficient operation e.g. in power 
plants such as nuclear power plants. For all cases, prior to use inspection and in-situ inspection 
of structures, economic and safety issues dictate that possible flaws need to be detected at the 
earliest stage and in components prior to assembly. Therefore, various NDT methods are 
needed to provide a means to detect possible flaws.  
 
NDT inspection can be carried out in various ways. The simplest way is to use the naked eye 
together with assisting tools. This visual inspection is the most common quality control method. 
Often the inspected component prescribes the proper method and procedure to be used [1]. Also 
the selection of the appropriate inspection method is determined by the type of flaws expected 
or the anticipated material property changes. For example, ferromagnetic materials can be 
inspected using magnetic methods. In addition, the feedback method depends on the selection 
of the potential technique; radiographic inspection supplies an image of the location and size of 
the flaw, whereas the magnetic Barkhausen noise method provides an electrical signal whose 
characteristics are related to the properties of the component. This signal can be used as such or 
processed and further analyzed. The processed data can be compared to the rejection limit and 
the acceptance of the component is based on the pre-adjusted rejection limit. One challenge 
related to NDT methods is the extent of the testing. Often the integrity of a component must be 
ensured with minimal inspection efforts with an acceptable risk level. After this, factors like 
cost effectiveness, speed of measurement, the sensitivity and robustness of the technique and 
equipment come into consideration. Sooner or later, the ultimate question needs to be stated: 
how  to  apply  the  feedback  from  the  NDT  method  to  the  process.  The  operators  of  NDT  
techniques need to interpret large amounts of inspection data. Some automatic signal 
classification systems could be used to do this. 
   
While comparing destructive and non-destructive measurements, the benefits of destructive 
measurements lie in the quantitative results. Non-destructive measurements usually give only 
qualitative results. One example of an NDT method supplying generally qualitative results is 
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Barkhausen noise. However, Barkhausen noise has huge potential in the field of NDT because it 
can notice changes in the properties of a component, in microstructural properties, as well as 
stress changes. On the other hand, the simultaneous dependence of BN on microstructure and 
stress render the interpretation of the signal challenging. As in other NDT methods, for the BN 
method, the competence and experience of the inspector are crucial in analysing the obtained 
data.  
 
In order to develop non-destructive testing measurements in a more quantitative direction, test 
specimens with artificial well-defined defects must be developed. For example, in the use of the 
remote field testing method, artificial discontinuities in standard test blocks have been prepared 
in order to obtain accurate quantitative data from the measurements [3]. The recent studies 
concerning the BN method have also raised the question of modifying the method itself into a 
more quantitative NDT method with artificially produced flaws in the calibration procedure.  
 
2.1. Material defect inspection 
 
NDT techniques are used to locate flaws, to size them and to characterize material conditions 
such as the presence of tensile residual stresses in the material. Firstly, the defects need to be 
detected. Secondly, the dimensions can be determined and, finally, the evaluation of the defects, 
based on the acceptance criteria, must be performed [4]. Defects studied using NDT methods 
can be divided into different groups depending on the appearance of the flaw itself and on the 
location of the flaw with respect to the studied volume. Basically this means division into 
surface and volumetric flaws. Discontinuities such as surface cracks located on the surface and 
open to the surface of the inspected component can be detected by liquid penetrant inspection, 
eddy current inspection and magnetic particle inspection. On the other hand, volumetric flaws 
(voids, delamination, porosity, slag inclusions) located in the interior or volume of a material 
can be inspected by ultrasonic inspection, acoustic emission and radiography methods. Various 
near surface or subsurface flaws can be detected using the eddy current method and magnetic 
particle inspection to some depth from the surface [1, 4]. 
 
The NDC methods can be performed to investigate the properties of the materials [2]. These 
changes in the physical properties of the material can be detected among others by the eddy 
current measurement, ultrasonic inspection, X-ray diffraction and micro-magnetic analysis 
methods  such as  the  magnetic  Barkhausen noise  (MBN) method [1,  4].  For  example,  the  BN 
method can be used to detect a changed microstructural and stress state in a ferromagnetic 
material. The X-ray diffraction (XRD) method can be utilized to quantify and describe the 
residual stresses non-destructively from all crystalline materials. In the XRD method, the lattice 
spacing between the crystal lattices acts as a strain gauge changing its dimension depending on 
the stress. The stress can be determined via the measured strain in crystal lattice utilizing the 
elastic constants. A diffracted X-ray beam can be employed to study the shift in the position of 
the diffracted beam and also the broadening of the diffracted peak [5]. 
 
One example of the utilization of non-destructive characterization methods is the detection of 
grinding burns formed during grinding. This can be performed using the Barkhausen noise 
method [6, 7]. Usually high-performance gears are carburized case-hardened and tempered. 
After heat treatment, various manufacturing processes are utilized. Grinding removes the heat 
treatment distortion and ensures the attainment of the final tolerances [8]. The localized contact 
pressures between the abrasive grinding wheel and work piece, frictional heating, high sliding 
speed and the fact that most of the energy input is converted to heat, can generate high 
temperatures between the wheel and the work piece [9].  Grum [10] concluded the causes of the 
heat input due to the grinding conditions to be as follows: the contact surface between the grains 
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and the work piece increases due to the blunting of the grinding grains. This further causes 
increased mechanical effects and higher heat input in the surface layer of the ground piece [10]. 
The above mentioned deleterious conditions may generate a local degradation in material 
properties, which is known as grinding burn. Grinding burns reduce the wear resistance and the 
fatigue strength of the component. The component may then fail prematurely and unpredictably 
in service. Thus, grinding burns need to be detected during the quality control of the gear.  
 
Thermal damage that occurs in grinding can be divided into several categories, such as: 
softening and the formation of temper burns, formation of rehardening burns, formation of 
unfavourable residual stresses and formation of grinding cracks [11]. If the surface temperature 
in grinding exceeds the original tempering temperature, it leads to thermal damage called 
temper burn. The temperature rise between the grinding wheel and the ground surface produces 
softening near the surface due to the coarsening of the carbide cementite (Fe3C). The produced 
softened layer consisting of coarsened cementite is called over-tempered martensite (OTM) 
[11]. The degree of softening depends on the temperature and the time of the interaction. 
Softening occurs due to carbon diffusion within the surface layer. Higher temperatures or a 
longer time period cause more softening [12].  
 
The thermal damage known as rehardening burn occurs when the temperature in grinding 
increases into the austenitizing temperature range [11]. A new layer of martensite is formed 
when  the  surface  of  the  ground  part  is  quenched  by  grinding  coolant  or  cooled  by  the  bulk  
material after the surface temperature during grinding exceeds the austenitizing temperature. 
This new, untempered, martensite layer is very brittle and hard [13].  
 
In addition, if enough heat is generated in the grinding process, the temperature will also relax 
the compressive residual stresses achieved in the hardening process [13]. The primary origins of 
tensile residual grinding stresses are thermally-induced plastic deformation and thermal phase 
transformations. In these, due to a temperature rise and the heating and cooling cycles between 
the grinding wheel and the work piece, some expansion of the surface layer is relieved by 
plastic flow. Additionally, a volume decrease in the surface layer also induces tensile residual 
stresses [11, 14]. Also, the grinding parameters have an effect on the magnitude of the residual 
stresses besides the physical and mechanical properties of the material [15].  
 
2.2. Calibration of non-destructive measurements 
 
Calibration refers to actions that are accomplished in order to evaluate and adjust the precision 
and the accuracy of the measuring equipment [16]. The use of calibration processes and 
reference or master calibration samples ensures stable, consistent and reproducible 
measurements over time. These reference standards are created in order to establish a general 
level of uniformity in NDT measurements. The calibration of the NDT technique consists of the 
measurement equipment and validation of the test setup to the desired level of precision and 
accuracy. This procedure is done in order to validate the setup to provide similar results over 
time and to validate similar results produced with different measurement systems [16]. It has 
also been stated that the calibration procedure should be accomplished in conditions similar to 
those in which the actual measurements are performed. The ambient temperature conditions and 
surrounding conditions, for example at the factory, have an impact on measurements. The 
results may vary when the testing is performed by a different device or a different inspector. 
Hence, the information acquired by NDT inspection is only qualitative, as mentioned earlier.  
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For the NDT methods that are used for detecting surface or subsurface flaws, calibration 
procedures are often used to determine the size and location of the flaw. One example of this is 
ultrasonic inspection calibration with a certain calibration block. For inspection methods that 
produce qualitative results such as the BN method, the calibration itself is not as straightforward 
as with ultrasonic inspection. For ultrasonic inspection, several types of calibration or reference 
blocks manufactured from different materials exist. These test blocks are standardized, for 
example [17], the standard for calibration block No. 2 gives detailed knowledge about the 
manufacturing and utilization of the calibration block. The calibration blocks for ultrasonic 
inspection can be used for the calibration of the distance scale in the measurement, the 
sensitivity settings of the equipment, to evaluate the near surface resolution and to evaluate the 
flaw size and depth sensitivity of the equipment. In addition, calibration blocks exist with 
different step sizes for thickness measurement verification [18]. When comparing the measuring 
results with the reference test block, the irrelevant information can be found and ignored. In the 
calibration procedure, the information acquired in NDT measurement is compared with the 
information yielded on the reference specimen.  
 
For the radiographic inspection of weldments, the system resolution calibration of the 
equipment can be performed with a step wedge manufactured from the same material as that 
tested in order to detect the contrast sensitivity. The wedge is produced with 100 %, 99 %, 98 % 
and 97 % of the thickest and thinnest sections to be inspected [19]. 
 
As mentioned above, it is generally known that almost all NDT inspections carried out are 
relative, not absolute measurements. Thus, the raw data that the NDT instruments provide 
cannot be utilized unless it is compared with a reference specimen with known properties. As 
with most NDT methods, the BN method also requires a calibration procedure. At the moment, 
the exact calibration procedure has not been determined for Barkhausen noise measurements. 
The inspectors at facilities utilizing the BN method perform the calibration procedure in 
different ways; usually adhering to the internal guidelines of the institution. One example of 
internal guidelines has been presented by Kvist and Lundin [20].  They [20] discussed the 
mastering and calibration procedure for the BN measurements of camshafts at the heavy engine 
manufacturer Scania. Scania has been using BN since the end of the 1990’s in the quality 
control of the grinding process. Nowadays, BN measurement is performed in a fully automated 
production cell mainly for camshafts to detect local soft and thermally damaged areas generated 
in both case hardening and grinding. The lobes of the camshafts are inspected with four BN 
sensors at once and a total of 300 measuring points from each lobe are registered. They [20] 
found a certain rejection limit for the annealed camshaft, which corresponded to a hardness 
value of HRC 59. It was claimed that altogether the rejection limit and the studied shape of the 
measured curves gave good indications of the errors that had occurred in both the hardening and 
grinding processes [20]. The calibration was performed with the daily production master roller 
sample, which was verified from super master roller results. Both production and super master 
rollers were manufactured by cutting samples from a normal production camshaft and annealing 
them to the relevant hardness. The samples were located in one area of the annealing oven close 
to the oven wall in order to produce a local softer area due to increased temperature. This 
generated a higher BN value compared with the mean value of the roller. Thus, a BN curve 
produced from this sample created both the basic level and a higher BN output for sensor 
verification [20]. 
 
In addition, a special magnetic calibration coil can also be used in the calibration procedure of 
BN devices [21]. In this case, calibration is performed by introducing a special calibration coil 
into the BN sensor. During the calibration, a short electrical pulse, simulating the movement of 
domain walls, is supplied and this magnetic field induces an electrical voltage. By carrying out 
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calibration in this way, BN measurements conducted with different sensors may be compared 
and the magnetic field waveform on the surface of a specimen can be reconstructed [21]. 
 
The BN apparatus can also be calibrated in terms of stress with specially made samples. The 
samples are stress relieved and strained in tension and compression within elastic limits by 
using tensile testing equipment while simultaneously monitoring the strain and the BN signal. 
In this way calibration curves for the BN – stress relation can be obtained for various materials 
[22]. 
 
2.3. Artificial flaw manufacturing  
 
One way to check the reliability of in-service NDT inspections is the production of artificial 
flaws that mimic the flaws to be detected. The artificial flaws are introduced to the reference 
specimen on purpose so their exact properties are known. Artificially produced flaws, should 
closely resemble the actual flaw. Such reference samples with artificially produced flaws for 
example in ultrasonic inspection, can be used to estimate the size of the flaws. In general, the 
artificial flaw reference samples should have equivalent physical and chemical properties to the 
inspected component [23]. 
 
The traditional way to produce an NDT calibration flaw is by machining e.g. drilling, milling, 
or electrical discharge machining, EDM. Artificial flaws can be manufactured also with 
grinding [24]. The grinding process may produce many types of defects and the control of the 
grinding process can be challenging. Therefore repeatable and controllable production of the 
flaws with grinding is difficult. Calibration of ultrasonic equipment can be carried out with a 
drilled piece of inspected material. The different diameters of the holes can be used to 
determine the flaw characteristics. However, it is stated [16] that most drilled holes produced in 
the ultrasonic reference blocks do not represent the actual flaws exactly because they are better 
sound reflectors with their flat and smooth edges than actual flaws. Therefore, these artificially 
produced holes may produce larger indications than a similar real flaw. On the other hand, the 
utilization of a calibration sample for BN inspection requires knowledge of the reference 
condition and the rejection limit. The rejection limit for defects can also be estimated from these 
calibration samples. 
 
One common ultrasonic inspection target is the cracks in steel materials that are used in power 
plants. As a result, several studies by Kemppainen and Virkkunen [25, 26, 27] have been 
carried out to produce realistic cracks to imitate stress corrosion cracking for ultrasonic 
inspection. This need has grown because of NDT inspections that have found some atypical 
flaws in specific components. The crack production technique represented in [25, 26, 27] is 
reportedly capable of producing true cracks that are representative of service-induced cracks. 
The method for stress corrosion crack production involves thermal fatigue loading cycles for 
which different heating rates and cooling times were used. Results showed that the flaw 
location and size could be controlled accurately [25]. 
 
Artificial surface cracks have also been produced for the eddy current inspection procedure by 
Helifa et al. [28]. The EDM cracks were introduced with different crack widths of 0.14-0.35 
mm  on  different  steel  materials  up  to  a  depth  of  3  mm.  Drill  saw  machining  was  used  to  
introduce cracks with a depth greater than 3 mm [28]. 
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2.3.1. Artificial thermal damage production by laser irradiation 
 
In order to vary the sample surface stress state and microstructure, controlled heating should be 
performed. One method to produce controlled heating of metal surfaces is laser processing. As 
stated in the literature [29, 30, 31], it is possible to create artificial thermal damage with laser 
processing for non-destructive testing methods, which is why it is introduced here more 
comprehensively. Laser processing is based on the transformation of the optical energy of the 
electromagnetic radiation of the laser into thermal energy. The material absorbs part of the light 
of the irradiated laser beam and as a result, the temperature increases in the beam-material 
interaction volume [32].  Publications by Klocke and Gorgels, and Klocke et al. [29, 30] and 
Lomaev et al. [31] report the use of laser processing in order to produce test samples for non-
destructive testing using BN. The study of Lomaev et al. [31] concentrated on the laser quench 
layers measured using the BN method to determine the quench layer thickness. Klocke and 
Gorgels [29] first compared two different methods to produce thermal damage: laser and 
grinding. Later on, they performed a study of the load-carrying capacity of rollers in which laser 
heating was performed to generate different degrees of thermal damage. Laser stripes were 
manufactured on the rollers with three different laser power values. The thermal damage was 
also analysed using BN prior to the actual load carrying tests and it was noticed that the relative 
magnetoelastic parameter increased to a certain point with increasing laser power. No further 
information about the other laser parameters or the equipment, laser interaction time and 
repeatability of the tests used were given [30].  
 
Usually laser processing is used for hardening processes, but it can also be used for minor heat 
treating, such as surface tempering. Laser heating is followed by a rapid cooling as the heat 
produced in the surface is transported by thermal conduction to the deeper layers of the 
material. Different laser-processing parameters provide different peak temperatures on the 
surface of the treated part, which then have a different effect on the microstructure and the 
residual stress state of the processed sample. By using low laser power values, heat conduction 
is the predominant heat transport phenomenon. Wang et al. [33] stated that the surface 
temperature control of laser processing could be done by adjusting the laser parameters: the 
beam power, laser beam traverse rate and the diameter of the laser beam. Of course, the 
properties of laser-processed materials such as thermal conductivity, density, heat capacity and 
thermal diffusivity also affect heat conduction into the material. The reflectivity of machined 
metal surfaces is high, which means that little of the incident laser light is absorbed by the 
material. The laser-material interaction is influenced by many factors, some of which are briefly 
discussed below.   
 
Absorptance, which refers to the fraction of incident laser light absorbed by a surface, is 
dependent on multiple factors. Several authors [34, 35] have reported that laser properties such 
as the wavelength and also the metal surface properties: temperature, roughness and oxide 
layers, have an effect on the absorptance of a surface to laser light [32, 34]. Kwon et al. [35] 
studied the effect of the absorptance of two different wavelength lasers at various temperatures 
on  metal  surfaces  and noticed  that  a  laser  beam with  a  wavelength  of  1.07  µm was  absorbed 
better by polished metal surfaces than a laser beam with a wavelength of 10.6 µm. However, the 
elevation of the surface temperature increased the absorptance values for polished stainless steel 
samples only at high temperatures above 700 °C [35]. According to several authors [36, 37, 38], 
surface-oxidized metal surfaces have also been reported to have higher absorptance values. 
Oxide layers may produce multiple reflections of laser light. Surface contamination with higher 
absorptance can also produce different absorption behaviour than a plain metal surface [34].  
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One method for reducing the reflectivity of metal surfaces and gaining better absorptance is to 
coat the surface with a high absorption coating, such as a graphite coating [32]. Also other 
surface treatments such as roughening of the surface, e.g. by sand blasting or shot peening, can 
be performed to make the surface less reflective and to increase the absorption of the metal 
surface [38]. However, Kwon and Yoh [39] found that the steepness of the peaks and valleys 
and the spatial frequency of the peak-to-valley on the surface also have an effect, together with 
surface roughness, on the reflectance of the metal surface due to the multi-reflections. Bommi et 
al. [40] worked on the surface modification of the steel surfaces prior to laser hardening. They 
used sand blasted surfaces for laser hardening. Their results showed that in all studied laser 
scanning speeds, sand blasted surfaces had better properties than black painted surfaces.  
 
Surface roughness, according to Murty [41], is defined as the deviation from the nominal 
surface texture that forms the surface pattern and irregularities in the surface texture that 
originate from processing. Surface roughness plays an important role because the peaks can 
consequently create multiple absorption transactions. Thus, a rough surface can increase 
absorption [32]. However, the surface roughness value itself can sometimes be misleading; 
surfaces with identical roughness values may have different frequencies of roughness peaks or 
different peak-to-valley lengths [32]. Therefore, the surface must be carefully characterized in 
order to make conclusions about it. For example Kwon and Yoh [39] noticed that a lapped 
metal surface with a smaller surface roughness value produced multi-reflections and increased 
absorption when compared to an electro-polished surface with a higher surface roughness value. 
This was due to the steeper peaks and valleys of the lapped surface. In addition, it can be 
concluded that the surface is optically smooth if the average surface roughness is smaller than 
the wavelength of the laser light [32]. However, mechanical surface finish processes such as 
grinding may produce surface directionality in the surface that influences the polarized 
reflectance of metals [39].  
 
The repeatability of the laser processing method is good, as long as the laser absorption of the 
metal surface is constant. Therefore, a surface treatment that makes the surface even looking 
and less reflective is detrimental prior to laser processing. The treatment also needs to be 
reproducible. With proper selection of laser beam parameters, an adjustment can be made so 
that the maximum temperature is limited below the Ac1 temperature (referring to the 
temperature at which austenite begins to form on heating). This is done to avoid re-hardening of 
the sample surface if only restricted elevated temperatures are demanded for generating temper 
thermal damage. 
 
2.4. Qualification of non-destructive measurements 
 
Standardization refers to the unifying of modes of operation [42]. The standardization of NDT 
testing methods started in the 1950s with national standards. At the same time as the 
standardization of the NDT methods, attempts also began to create certification systems. 
Nowadays, national or international certification schemes exist for visual testing, radiography, 
ultrasonic methods, magnetic particle methods, penetrant methods, eddy current methods and 
leak detection [4]. 
 
Inspection qualification is usually used to verify the capability of NDT inspection to fulfill the 
expectation of locating flaws. This procedure is used e.g. in the nuclear industry [43]. The 
methodology of general NDT inspection guidelines [44] has been introduced to explain and 
guide how the inspection qualification needs to be carried out.  
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Usually, inspectors carrying out NDT inspection need a qualification which ensures that they 
have the competence to do the inspection. These personal schemes comprise both theoretical 
and practical work to test the inspector on different levels of certification [45]. In addition, 
while performing the inspection procedure, a written procedure for the particular method and 
component can also be made. Additionally, the auditing of NDT inspection in a company is one 
way to ensure confidence in the quality of NDT inspections [45]. The European Committee for 
Standardization has published a standard for the qualification of NDT tests applicable to all 
industries that carry out NDT [44]. This European standard (EN) methodology presents the 
NDT qualification phases from pre-NDT qualification to the implementation of qualified NDT. 
At the moment, for example, there is no code or standard or relevant personnel certification for 
Barkhausen noise inspection [46]. Also, most facilities that use BN in NDT inspection have 
their own regulations or guidelines for the inspections. Thus, the Barkhausen noise qualification 
procedure and guidelines for the measurement itself are under development in Europe [46]. The 
guidelines are being compiled by gathering existing knowledge from BN method users (what is 
tested, testing conditions, equipment and environmental conditions for tests) as well as from the 
testing device producers [46]. In addition to the guidelines of the measurement itself a protocol 
for calibration also needs to be established. Qualification procedures should also include flaw 
production techniques to produce representative defects. Thus, there is a need to develop a 
method for producing realistic and representative grinding burn marks that could be used in 
training NDT inspectors and also for the certification of the method. 

3. BASIS OF THE MAGNETIC BARKHAUSEN NOISE METHOD 
The Barkhausen noise (BN) method is a non-destructive inspection technique for ferromagnetic 
materials. In the BN method, the irreversible motion of the magnetic domain walls in 
ferromagnetic materials causes measurable changes in the magnetization values [47, 48]. A 
ferromagnetic material consists of small magnetic regions called domains. First introduced by 
Weiss in 1907, these are small areas in the crystal structure of a ferromagnetic material with 
uniformly oriented magnetic moments in the unmagnetized state. In each domain, the magnetic 
moments tend to align along certain crystallographic axes called the easy axis. Transition 
layers, referred to as the domain walls, exist between the magnetic domains where the magnetic 
moments undergo a reorientation and this layer separates adjacent domains [47]. For iron-based 
alloys, the domain walls can be separated into 180° walls and 90° domain walls [49, 50]. These 
two kinds of domain walls are presented in Fig. 1.  
 

 
Figure 1. Diagram showing examples of 90° domain wall and 180° domain wall. 
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The magnetization of a piece of iron is a process in which the domains are rearranged and 
reoriented. The result of the magnetization process is a hysteresis curve produced by alternating 
the applied magnetic field H from negative to positive field strength whilst measuring the 
magnetic flux density B. Examples of hysteresis curves are presented in Fig. 2. A slow increase 
in the magnetic field applied to a ferromagnetic material will cause the material to become 
magnetized  in  a  series  of  small  steps  as  illustrated  in  Fig.  2  a).  During  the  magnetization  
process, the domain walls move in the material discontinuously and this leads to discrete 
changes in magnetization that can be detected. These discontinuous changes in the magnetic 
flux density B are known as the Barkhausen effect, as the applied magnetic field is changed 
continuously [47].  
 
Fig. 2 a) introduces the different changes that occur during the magnetization process for a soft 
magnetic material. The movement of domain walls is reversible when the applied magnetic 
field is small. With a small applied field, the domains oriented along the magnetic field can 
grow at the expense of non-optimally oriented domains by the motion of the domain walls. In 
order to move a domain wall, the domain located on one side of the wall has to expand in size 
while the other domain on the opposite side of the domain wall has to shrink. The result of this 
domain  wall  motion  is  a  change  in  the  overall  magnetization  of  the  sample.  When  the  small  
field is returned to zero, the domains can return to their original position. For larger applied 
magnetic fields, the domain movement becomes irreversible. Domain rotation can take place if 
the magnetic field is further increased. At the saturation magnetization Ms state only one large 
domain exists with magnetic moments aligned in parallel. Ms is also the maximum 
magnetization achieved by the applied magnetic field. Remanence Br is the magnetization 
observed from a fully magnetized sample at a zero applied magnetic field, as shown in Fig. 2 b). 
Coercivity is defined as the reverse field Hc which is the field required to reduce the 
magnetization to zero after the sample has been fully magnetized [48].   
 

 
 

a) b) 
Figure 2. a) Hysteresis curve with large magnification produced by alternating the applied 
magnetic field H as a function of magnetic flux density B [51]. b) Hysteresis curve [modified 
from 52] for magnetically soft (I) and magnetically hard material (II). 

 
From the hysteresis curve presented in Fig. 2 b); a few basic quantities can be introduced. The 
response of a material to the applied magnetic field strength H can be determined by two 
quantities; susceptibility  and permeability µ. Susceptibility  expresses the response of a 
material to the applied magnetic field. Susceptibility is defined as the ratio of the magnetization 
M and the magnetic field strength H. It is given by equation (1) 
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M
H

    (1) 

As magnetic field strength H is applied to a medium, a magnetic flux density is introduced 
within this medium. Magnetic flux density B is given by 
 

0(H + M)    (2) 
 
where µ0 is  the  permeability  in  a  vacuum,  H is the magnetic field strength representing the 
externally applied field and magnetization M describes the ability of the material to be 
magnetized. Magnetization M is defined as the magnetic moment per unit volume. The unit for 
B is tesla, and for H and M the unit is A/m. 

             
Permeability µ is defined as the ratio of the magnetic flux density B to the applied magnetic 
field strength H. It is defined as the capability of the material to conduct magnetic flux and is 
given by  

                     

B
H     (3)

 

 
The different permeabilities are related to relative permeability µr which is given by 
  
          µ= µ0 +1)=µ0µr    (4) 
 
In a vacuum the magnetization M is zero and the relative permeability µr is  one,  thus  the  
equation (2) can be rewritten as equation (3) in a vacuum. 
   
The electromotive force (emf) induced in a BN pick-up coil is proportional to the rate of change 
of the magnetic flux B through the pick-up, dB/dt. This effect is strongest on the steepest part of 
the magnetization curve, the irreversible magnetization range [53]. 
 
The magnetic hysteresis loop parameters such as coercivity Hc and remanence Br can  also  be  
used to characterize the ferromagnetic material because they are reported to be structure 
sensitive [54]. In the literature, coercivity is typically related to hardness [55, 56]. Coercivity is 
used to distinguish hard and soft magnetic materials [54] as shown in Fig. 2 b). In addition, the 
coercive field has been observed to have a linear relationship to stress [57]. Many studies [58, 
59, 60] have found that coercivity and permeability show changes as the case-depth of hardened 
samples change because the surface layer and the bulk have different magnetic properties. Jiles 
[54] has reported a dependence of remanence on stress. Some controversial observations have 
been noted, e.g. Makar et al. [57] observed that remanence shows a non-linear and monotonic 
behaviour as a function of stress. 
 
Barkhausen noise measurement system  
BN measurement is performed by creating a changing controlled magnetic field with a 
magnetizing yoke that is fed with an alternating current and recording of the magnetic flux 
changes in the studied material with an electromagnetic probe or a pick-up coil. The obtained 
signal can be amplified, recorded and processed by computer-aided software. Both laboratory-
made BN equipment [61, 62, 63, 64, 65] and commercial BN equipment systems [20, 61, 66, 
67, 68] have been used in the BN studies. One example of a commercial BN sensor is presented 
in Fig. 3 a) and a schematic example of external coil BN equipment is shown in Fig. 3 b). Grum 
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and Pecnik [69] concentrated on comparing different BN units, both compact sensors (internal 
coil and integrated internal coil) and a sensor unit with an external detection coil on cold-rolled 
specimens. They concluded that the signals captured with a compact sensor provided more 
reliable BN signals than those with an external coil, due to better contact with the sample 
surface, providing a smaller air gap and a better geometrical relationship between the magnetic 
yoke and the internal detection coil [69]. 
 

 

 
a) b) 

Figure 3. a) Example of a commercial BN coil. b) Schematic presentation of external 
detection coil BN measurements. 

 
The BN signal measurement depth depends on the frequency used and the permeability and 
conductivity of the tested material [53]. The adjustment of the magnetizing and analysing 
frequency can be used to vary the depth from which the BN signal information comes. To study 
only the surface layer of the component, high frequencies are utilized. One example of the high 
frequency BN method is the detection of grinding burns from hardened and ground components 
[7]. With high frequency BN measurements, the analysing frequency range from 20 to 1000 
kHz can be used to study depths between 150 to 20 m below the surface in a case carburized 
steel [70]. Usually low frequency measurements are described as having a magnetizing 
excitation frequency of less than 1 Hz [61]. The typical signal analysing frequency range is 0.1-
100 kHz for low frequency measurements [61]. The 1 kHz analysing frequency was reported to 
have a skin-depth value of 635 µm [61].  
 
By utilizing a low magnetization frequency in BN measurement, the penetration of the magnetic 
field into the specimen can be increased. The BN measurement depth, related closely to the 
penetration depth of eddy current measurements, can be calculated from the following equation 
[71] 

1
f

l
    (5) 

 
where l is penetration depth,  is permeability of material,  is conductivity of the material and f 
is the frequency of the BN signal. The problem in the low frequency BN studies is that the BN 
signal is attenuated exponentially as a function of the distance travelled inside the material due 
to the eddy current damping that depends on the frequency of the magnetized signal [61, 72]. In 
addition, measurement sensor properties such as distance between the magnetizing pole pieces 
and the sensitivity of the coil, will affect the low-frequency BN measurement depth estimations 
[61]. 
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One example of a typical Barkhausen noise signal is shown in Fig. 4. The BN signal consists of 
a collection of voltage pulses of varying amplitude. Two BN bursts are formed during an 
increasing and decreasing magnetization cycle. The signal observed is affected by various BN 
events, their magnitude and duration. Different features are calculated from the BN signal. The 
most typical parameter calculated from the signal is the root mean square (RMS) value of the 
voltage signal, which is given by 

     =     (6) 

 
The RMS value gives information about the maximum Barkhausen activity. A reduced RMS 
value is typically formed when pinning of the domain walls slows down the moving domain 
walls in a high hardness material or when domain walls move under compressive stress. Lattice 
defects such as dislocations, precipitates and grain boundaries hinder the domain wall 
movement and decrease the RMS value. High hardness is an indication of high pinning sites 
and cause a lower RMS value. A BN burst for one half of the magnetization cycle can also be 
plotted as a function of time or magnetic field strength as shown in Fig.  4 b). The envelope 
profile that is created provides information about the BN peak height, peak position and the full 
width half maximum (FWHM) value of the burst. The envelope has been used in calculating 
various features [70, 73, 74]. Table 1. summarizes the behaviour of the different BN envelope 
features reported in the literature. 
 
As mentioned above, the height and position of the peak can be used to evaluate the material 
properties. The BN peak height has been reported to decrease with increasing hardness [55, 75]. 
In addition, over-tempering has been shown to increase the peak height of hardened samples 
[70]. Nevertheless, it has been claimed that the peak or peak height conveys the same 
information as the RMS value [55, 76]. The peak position moves to higher magnetic field 
strengths with high hardness samples because a higher magnetic field is required to detach the 
domain walls from the pinning sites [75]. In the case of over-tempering [70], the peak position 
was observed to move to lower magnetic field strengths. Also, pulse height distribution is one 
way to describe a BN signal [50]. The voltage signal consists of different voltage pulses that 
have varying amplitude. This describes the magnetization process and the magnetic behaviour 
of the studied piece. Magnetic Barkhausen noise energy, MBN energy, is also used, referring to 
the area of the squared voltage pulse [77].  
 

a) b) 
Figure 4.  a) Typical Barkhausen noise signal. b) Barkhausen noise envelope profile showing 
parameters; peak height, peak position and full width half maximum values. 
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Table 1. Typical BN envelope features used in BN studies.   

Envelope feature Effect/Behaviour/dependence on Sensitive to Refs. 

RMS, BN activity,  
Vrms (Average of BN activity), RMS 

voltage 

Decrease with increasing hardness -Number of pinning sites (dislocation density) 
- Microstructure 

Cullity1972 [53], 
Mitra et al. 1995 [78] 

Increase with tensile stress in the measurement direction 
parallel to load direction in steels with positive 

magnetostriction 
Stress Cullity1972 [53] 

MBN energy, BN energy Similar to RMS Similar to RMS Stefanita et al. 2000 [77], Kim et al. 1992 [79] 
1/MBN(RMS) Linear relationship between hardness Number of pinning sites (e.g. dislocation density) O’Sullivan et al. 2004 [56] 

1/RMS Linear relationship between stress Stress Mierzcak et al. 2011 [65], Gariketapati et al. 1988 
[80] 

Peak height, peak (referring to 
maximum value of the running 

average of signal) 

Decrease with increasing hardness 
-Number of pinning sites (e.g. dislocation density) 

- Number of domain walls moving 
-The mean free path of domain wall displacement 

Moorthy et al. 1997 [75], Davut and Gür 2007, 
Moorthy et al. 1998 [81] 

Increase with tensile stress in the measurement direction 
parallel to load direction in steels with positive 

magnetostriction 
Stress Stewart et al. 2004 [74] 

Vm, maximum amplitude Increase with increasing austempering time - Microstructure, varies with heat treatment parameters  D’Amato et al. 2003 [82] 
Peak position, the magnetizing current 

at which the peak value is achieved 
High hardness moves peak position to larger magnetic field 

strengths Sensitive to average pinning strength of given type of barriers Moorthy et al. 1997 [75] 

No, Number of BN events per 
magnetization cycle 

No was compared to threshold voltage of BN measurement 
and showed different behaviour for base material and weld Microstructure Mitra et al. 1995 [78], Mitra et al. 1997 [83] 

Vpp, peak-to-peak voltage, The 
difference between largest positive 

and negative voltage pulse during one 
magnetizing cycle 

Vpp was found to be sensitive to creep assisted damages on 
Cr-Mo steel 

-Indicative of BN signal strength generated during domain 
wall movement and the amplitude depends on distance 

between pinning sites or strength of pinning sites 
Mitra et al. 1997 [83] 

MBNp, peak-to-peak voltage,  
R, frequency ratio 

R= ratio of the MBNp measured with two magnetizing 
frequencies MBNp was found to be sensitive to stress Chen et al. 2011 [84] 

BN count (each point above predicted 
threshold) 

BN count was found to have a linear relationship with 
residual stresses Residual stress Vashista and Paul 2011 [85] 

BN event (peaks of signal above 
predicted threshold) 

BN event was found to have a linear relationship with 
residual stresses Residual stress Vashista and Paul 2011 [85] 

PHD, Pulse height distribution As-quenched martensite produced larger number of pulses 
compared to tempered martensite Microstructure Mitra et al. 1995 [78], Davut and Gür 2007 [55],  

Zhu et al. 2001 [86] 

FTT, Frequency spectra 
Used as an analysing algorithm for grain size estimation, 

ratio of two frequency components was noticed to estimate 
grain size [87] 

High frequency components diminish as the correlation 
length increases (range of interaction of domain wall with 

pinning sites) [72], different pinning site density [86] 

Zhu et al. 2001 [86], Yamaura et al. 2001 [87], Jiles 
2000 [72], Zerovnik et al. 2010 [88] 

PSD, power spectral density Used as an analysing algorithm on high amplitude regime 
 

High frequency components diminish as the correlation 
length increases (range of interaction of domain wall with 

pinning sites)  
Zhu et al. 2001 [86], Jiles 2000 [72] 

Amplitude spectrum area Analysis done with certain frequency band Stress, increasing compression stress reduces the area of 
amplitude spectrum Desvaux et al. 2004 [89] 
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3.1. Factors influencing Barkhausen noise  
 
Although it is generally known that BN is simultaneously influenced by both the microstructure 
of the material and the stress state, the relationship to both is still not completely understood 
and contradictory results exist. During external magnetization, the signal registered with a BN 
pick-up coil is influenced by the pinning of domain walls due to microstructural barriers. These 
hindrances slow down the velocity of the moving domain wall, shorten the mean free path and 
an increased magnetic field strength is required in order to overcome some of the obstacles. The 
further  increased  magnetic  field  strength  causes  the  domain  walls  to  be  released  abruptly  and 
create voltage pulses. The interfaces that are present in the material, for example between the 
matrix and the precipitate or changes in the micro residual stress, limit the mean free path of the 
moving domain wall. This, in turn, has an influence on the Barkhausen noise. More hindrances 
to domain wall motion create a greater number of individual BN events, but they have been 
observed to have smaller amplitude [72]. When there are not many hindrances present and the 
resistance to the movement of the domain walls is small, a smaller number of BN events are 
observed [72] and the Barkhausen noise burst is obtained from lower magnetic field values. 
When the moving domain wall confronts many obstacles, i.e. the density of pinning sites is 
increased, the growing applied magnetic field will provide the energy for domain wall to go 
past the hindrances. In this situation, the Barkhausen noise burst is observed with higher 
magnetic field values. 
 
Due to the different pinning power of the various obstacles, a BN signal distribution is created 
with  changes  in  amplitude  of  the  pulses,  which  is  generally  referred  to  as  the  pulse  height  
distribution. The domain wall motion is influenced by the density of obstacles, such as 
dislocations. It is generally known that harder materials have a higher dislocation network and 
thus hardness has a major effect on the BN signal. The Barkhausen noise level continuously 
decreases in microstructures characterized by increasing hardness. The same microstructural 
properties that hinder the motion of the dislocations also affect the movement of the domain 
walls [53]. Furthermore, stress also changes the number of BN events and their relative 
magnitude [90]. 
 
Residual stress fields have an effect on the magnetic field that is needed to move and rotate the 
domains. If the tensile stress that the domains are experiencing is increased, an increase is also 
required in the magnetic field strength to make the domains move [48]. Cullity [53] roughly 
divided pinning sites into two categories; second-phase particles and residual microstresses, 
such as dislocations. Second-phase particles can be further classified as precipitates, inclusions 
or impurities that have different spontaneous magnetization than the surrounding material [53].  
 
Residual microstresses also affect domain wall motion. Residual microstresses in a material 
consisting of only one-phase are caused by crystal imperfections like dislocations in the 
material. A local stress field emerges around the dislocations that produce inhomogeneous 
microstrains on the material. The higher the dislocation density in the material, the greater is the 
resistance to the movement of domain walls [91]. The stress-induced change in the BN signal 
can be understood from the basis of the changes in the magnetic domain wall configuration and 
the mobility of the domain walls. They also show that the BN phenomenon itself is complex 
and that interpretation of the results is challenging. 
 
Next, the effect of stress on Barkhausen noise is discussed. Further on in the Chapter 3.1.2. , the 
relationship between BN and microstructure is introduced. 
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3.1.1. The effect of stress        
 
The BN signal is affected by many microstructural features and also by applied or residual 
stress. The fundamentals of the relation between BN and stress are relatively well understood as 
illustrated in Fig. 5. Ferromagnetic materials experience the magnetostriction phenomenon 
depending on the magnetic field and stress state. For ferromagnetic materials, such as steels and 
cobalt, which have a positive magnetostriction coefficient , the BN signal shows an increasing 
trend in the direction of the applied elastic tensile stress. On the other hand, an applied elastic 
compressive stress will decrease the magnetization in materials with positive magnetostriction. 
Materials with negative magnetostriction coefficient show the reverse effect [53]. 
 

 
Figure 5. Barkhausen noise response to tensile and compressive stress [22]. 
 
When a load is exerted on a ferromagnetic piece of steel, it becomes slightly magnetic in the 
direction of the loading. Without loading, a ferromagnetic material with positive 
magnetostriction elongates towards the magnetization direction in order to minimize 
magnetoelastic energy [50]. This kind of behaviour is observed in iron and cobalt, whereas 
nickel, which has a negative magnetostriction coefficient, will experience the opposite 
behaviour. Due to these different interactions between magnetostriction, magnetization and 
stress, the behaviour of a ferromagnetic material under stress is not easily described [53].   
 
It is generally known that the stress response of a material to BN measurements is determined 
by the microstructure of the ferromagnetic steel. The composition and heat treatment have an 
effect on the observed BN-stress sensitivity [90, 92, 93]. Usually mild steel specimens have 
been used when studying the effect of applied loading on the BN phenomenon [50, 77, 94, 95]. 
However, in some studies hardened (and tempered) steel grades have also been tested [93, 96, 
97, 98]. Usually the hardened steel grades are more difficult to study because the microstructure 
is more complex in nature and the observed BN signal is weaker. The hard martensite structure 
also requires a greater applied load for plastic deformation to take place in the material. It is, 
however, still important to study these materials because they are commonly used in 
components subjected to loading, e.g. gears. 
 
The BN signal is observed to show angular dependence towards the stress direction [99]. This is 
generally reported as being caused by magnetic anisotropy meaning that the magnetic properties 
depend on the measuring direction. High BN emissions are measured parallel to the tensile 
elastic stress direction [50]. This occurs due to the reorientation of domains into the direction 
within the family of [100] which is closest to the applied stress direction [72]. The anisotropy 
energy of the domain walls is the lowest if they lie parallel to the easy axis of magnetization 
[48]. 
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Besides the uniaxial stress, the BN method has been used to study the biaxial stress response 
[100, 101]. For the practical point of view, the biaxial stress state is the common stress acting 
on components. The biaxial stress behaviour of the BN means that the BN in one direction also 
depends on the stress in another direction. Thus the quantitative BN measured outcome is 
dependent on the fact that the BN-stress calibration should be carried out also with a biaxial 
stress  state.  For  example,  with  the  MAPS  system,  referring  to  Magnetic  Anisotropy  and  
Permeability System, calibration maps can be identified where the magnetic parameters are 
mapped as a function of the biaxial stress [101]. This can be performed by making the 
measurements whilst the probe itself is rotated on its axis whilst collecting data [101]. 
 
Elastic and plastic deformation 
Strain is the relative deformation caused by applied forces. Strain can be either elastic or plastic. 
Elastic and plastic deformation represents different deformation mechanisms. Elastic 
deformation is described by changes in the atomic spacing of the crystals. A material behaves 
elastically when the stress acting on a specimen is smaller than the yield strength. Thus the 
deformation state is reversible [102]. Prior to reaching the actual macroscopic elastic limit or 
yield strength, early states of plastic deformation, referred to as microyielding, may occur. This 
is characterized as dislocation formation that has commenced in some favourably oriented 
grains. 
 
Plastic deformation, characterized as loading greater than yield strength, affects the generation 
of defects such as dislocations, twins and shear bands [77]. When the plastic region is reached 
the macroscopic elastic strain remains constant, but plastic deformation occurs through slip 
processes that increase the number of pinning sites such as dislocation tangles and cell 
boundaries. Also, the development of crystallographic texture (easy axis alteration) and the 
work hardening process occur [77]. It has been observed that plastic deformation creates 
anisotropic behaviour with respect to stress direction and this leads to both 180° and 90° 
domain wall interactions instead of just 180° domain wall interactions [57]. 
 
The effect of elastic and plastic deformation can be studied with mechanical loading such as 
tensile and compressive testing. In addition bending can be utilized. In tensile testing, a uniform 
uniaxial load is applied to the sample cross-sectional area, whereas in bending the sample 
configuration differs from the tensile tensing. In bending, depending on the mode of the 
bending,  a  stress  gradient  is  formed  from  tensile  on  the  bend  surface  to  compression  on  the  
opposite surface.  
 
The elastic strain caused by stress has been noticed [77] to have more effect on the BN average 
MBN energy response than the plastic strain caused by stress. Plastic deformation causes only 
minor changes to the average MBN energy values [77, 95]. This is explained by the different 
deformation mechanisms occurring during elastic and plastic deformation. [77] Moreover, the 
relationship between the magnetic hysteresis parameters, such as remanence induction Br, 
permeability and coervitity, and plastic strain have been studied. With increasing plastic strain 
in a pearlite pipe steel, Birkett et al. [103] observed that remanence induction Br and 
permeability  decreased. Coercivity Hc increased with increasing plastic strain [103]. In 
addition, plastic deformation can cause changes to the pulse height distribution of the BN 
amplitudes. Plastic deformation was observed to increase the number of larger BN pulses due to 
the alteration of the pinning site energy [50]. 
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Tensile and compressive loading 
Tensile stress increases the BN emissions and increases the observed RMS value and 
compressive stress decreases them when a material with a positive magnetostiction coefficient 
is studied. Tensile stress creates a magnetic easy axis in the direction of the applied stress to 
which the domains in the sample try to rotate. The same phenomenon is observed with 
compressive stress applied to the direction perpendicular to the applied magnetic field. 
However, in some cases the BN measurement stress sensitivity is observed to behave non-
symmetrically during tension and compression [74]. It has been reported that stress sensitivity is 
higher both in tension [92] and in compression [74, 104]. This phenomenon can be seen in Fig. 
6. This different stress sensitivity observed in BN responses may be due to the different steel 
composition, heat treatment and BN measuring equipment used. Some studies report that the 
stress versus BN behaviour is saturated at some point of stress level.  
 
In addition to the saturation of BN as a function of stress, a decrease in the BN amplitude with 
applied high tensile stress, after the saturation point can also be observed [74, 104, 105] 
Therefore, the BN signal saturation needs to be taken into account when utilizing the BN 
method to residual stress measurements. This complicated phenomenon, illustrated in Fig. 6, 
can be explained in many ways according to Cullity [53]. The main issue influencing this 
behaviour is the fact that tensile stress affects the magnetostrictive coefficient changing it to 
negative and, thus, influencing the BN amplitude. Both the applied magnetic field strength and 
applied stress induces the magnetostriction to change [53].  
 
The change of the magnetostriction coefficient is explained as follows [106]. When 
magnetization occurs in a ferromagnetic sample, first the domains tend to align themselves in 
the nearest easy axis corresponding to the stress or magnetic field direction. This alignment 
causes the bulk magnetization and bulk magnetostriction to increase. When loaded more, the 
domains align further in the exact direction of the stress of the applied magnetic field. Thus, the 
magnetization is increased but the magnetostriction decreases. If there is no stress acting with 
the applied magnetic field then the first step dominates. When tensile stress occurs with the 
applied magnetic field the alignment of domains to the nearest easy axis has already occurred 
due to the acting stress. Therefore, the magnetostriction increases more slowly and turns into a 
decreasing value much earlier (with lower magnetization M). With high stress, the 
magnetostriction decreases with increasing magnetization [106]. As a result, there is a reversal 
stress dependence with a high tensile stress region [74, 96, 105].  

 
Figure 6. Maximum amplitude of the BN response as a function of the applied stress for low 
carbon steel (LC steel: 0.07 C, 0.43 Si, 1.38 Mn, 0.01 P and 0.037 Al) and Armco iron (0.01 C, 
0.1 Mn, 0.01 P, 0.008 S, 0.03 Cu and 0.006 N). [104] 
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Magnetic properties may be modified by tensile stress in the following way: the 180° domain 
wall population is increased with increasing tensile stress [64] due to induced stress anisotropy 
[53]. In addition, 180° domain wall configurations can be reoriented, but it is also stated that 
some alignment occurs via the motion of 90° domain walls [57, 107]. Generally speaking, the 
pinning energies can be modified by stress [53].  
 
Bending loading 
Several studies have been carried out to study the effect of bending on BN phenomena [61, 93, 
96, 97, 98, 108, 109]. In one variation of these bending tests the specimen acts as a cantilever. 
In the studies [93, 96, 98] made with this method, the specimens were mounted in such a way 
that the BN measurements could be carried out from both sides of the sample, from the surface 
under tension and from the opposite surface under compression. The bending moment was 
applied incrementally by increasing the mass on the free end of the cantilever. The BN 
measurements were performed with a low magnetizing frequency apparatus from opposite sides 
of the sample, thus results for compressive loading were also reported. [93, 96] However, to 
ensure constant stress over the bend area, the best way to perform a bending test is four-point 
bending. In four-point bending, the stress is constant between the two inner bending supports, 
whereas cantilever bending causes non-uniform stress in the sample surface.  
 
During bending, both single-peak BN envelopes and multiple peak envelopes [97, 108] were 
registered. Multiple peaks were noticed in the compression of spheroidised cementite and 
tempered martensite samples [97]. Also, compression of hardened samples was noticed to 
produce double peaks [108]. The occurrence of double peaks in compression seems to be 
dependent on the composition and heat treatment of the samples [108]. Hardened and over-
tempered steel samples were reported to produce a double peak in compression and high tensile 
strain [98]. Only one peak was noticed in the bending of standard tempered samples [98]. 
 
Barkhausen noise envelope features 
Furthermore, it has been reported that tensile loading produces only one BN envelope peak 
[108, 110]. In contrast, during compressive loading several BN envelope peaks may appear [97, 
104, 108, 110]. However, a double peak was observed after tension in an unloaded condition by 
studies of Gatelier-Rotha et al. [110]  whereas  only  one  peak  was  observed  in  the  unloaded  
condition after compression. Besides the RMS value, the reciprocal of the BN peak amplitude 
was noticed to show a linear behaviour with respect to the applied tensile and compressive 
stress [65]. Earlier Garikepati et al. [80] had suggested that there is a relationship between the 
slope of an anhysteretic magnetization curve and stress. Their theory also suggested that the 
reciprocal value of anhysteretic susceptibility is linear with applied stress and that the 
dependence is much stronger in tensile stress. Further, Mierczak et al. [65] proved that the 
relationship of the reciprocal value of BN amplitude acts similarly to the reciprocal anhysteretic 
susceptibility. The trend was similar when considering the applied stress and also the residual 
stress. The assumptions are that both of these calculated values represent the same stage of the 
magnetization process, the steepest slope of the hysteresis loop.  
 
Some BN studies concentrate on the sensitivity of BN to strain. The study of Stefanita et al. 
[77] investigated the behaviour of BN below the material yield strength in uniaxial tension. The 
peak height was observed to increase with increasing tensile stress [74]. In addition, an MBN 
energy parameter, referring to the area of the squared voltage pulse, was noticed to increase 
with increasing tensile stress [77], whereas, the peak width was also observed to increase with 
increasing tensile stress [65]. In contrast, Stewart et al. [74] noticed a decrease in the peak 
width with increasing tensile stress. The hysteresis loop has also been reported to become 
narrower due to increase in the differential susceptibility [72] with increasing tensile stress 
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[111] and to create an increased peak intensity emission [98]. Also the differential susceptibility 
was increased [72]. Thus the compressive stress was observed to change the peak position to 
larger values while the hysteresis loop becomes broader [74, 96, 104].  
 
BN studies for surface residual stress determination 
The BN method has been widely used to estimate the surface residual stresses (SRS) in many 
studies [89, 74, 112, 113]. Desvaux et al. [89] evaluated the SRS values with BN from 
aeronautic bearings after engine use. BN measurements were further validated with the X-ray 
diffraction method. While Gür et al. [112] evaluated the SRS from welded plates with the BN 
method with the help of a special calibration curve obtained from tensile and compressive 
loading. In addition Stewart et al. [74] and Yelbay et al. [113] used the BN method to determine 
residual stresses from welds. Yelbay et al. [113] used similar calibration curve as Gür et al. in 
their studies [112]. 
 
3.1.2. The effect of microstructure 
 
The microstructure of the material determines the magnetic domain configuration and the 
pinning site distribution from the magnetic point of view. However, the magnetic domain size is 
not equal to the grain size, but has been referred to as proportional to the square root of the 
grain diameter [114]. Phase boundaries, grain boundaries and defects such as cracks or cavities 
that have different magnetic properties are pinning sites for the moving domain walls. In 
addition, interfaces between precipitates and the matrix and precipitates that have local stress 
fields around them can also hinder the domain wall motion [115]. It is well known that an 
increase in hardness that arises from an increase in lattice strain/dislocation density increases 
the resistance of the domain wall movement and consequently, reduces Barkhausen noise 
activity [115].  
 
The magnetic BN method is sensitive to composition, phase variations and grain structure. 
Concequently, variations in these properties contribute to the observed BN signal. Many studies 
have been done to link microstructural features to BN behaviour as discussed below. Different 
features calculated from the BN envelope have been used to acquire information about the 
microstructural features. For example, peak height and position has been observed to vary 
according to the reduction of dislocation density and due to the pinning strengths towards the 
domain wall motion of obstacles [116]. In addition, different phases have distinct forms of BN 
envelopes. However, the extraction of individual effects is required and is possible only under 
certain conditions such as specially manufactured samples. 
 
The heat treating of the steel and the subsequent transformation of austenite while cooling can 
be carried out in various ways to produce different microstructures. With similar carbon 
content, but performing the cooling from the austenite region, with different cooling rates, the 
microstructure can be altered. Also the carbon content influences the microstructure and as a 
result, the properties. As the isothermal transformation diagram presents, depending on the 
carbon content and the cooling rate of the steel, various phases can be obtained [117]. In the 
following, the effect of the various microstructural phases to the Barkhausen noise signal is 
explained. 
 
Ferrite       
In a ferrite structure the observed peak in the BN envelope is narrow and the peak appears at 
lower  magnetic  field  strengths,  as  shown  in  Fig.  7.  This  phenomenon  can  be  explained  as  
follows: grain boundaries are the main pinning sites in the ferrite structure so the required 
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magnetic field to release domain walls from the pinning sites is low [73]. Thus, domain walls 
can move a longer distance in the ferrite phase before being pinned by obstacles, which in turn 
causes larger amplitude voltage pulses.  
 
Pearlite 
For a pearlite structure, the peak in the BN envelope is observed at higher magnetic field values 
than the peak from ferrite, as shown in Fig. 7. In a pearlite structure the pearlite colonies have a 
strong effect on the domain wall pinning. Studies of Saquet et al. [73] and Lo et al. [118] are 
consistent in stating that the cementite lamella direction has a bearing on the pinning strength. If 
the cementite lamellae were parallel to the domain wall they were more strongly pinned than 
lamellae perpendicular to the domain wall [118]. The increasing pearlite spacing was noticed to 
increase the BN amplitude monotonically and decrease the coercivity. The stronger pinning of 
domain walls was caused by the decreasing pearlite spacing leading to an increase in the 
cementite unit volume [118].  
 
Martensite structure 
Case-hardening processes such as carburizing produce a wear-resistant, strong layer consisting 
of martensite. During heat treatment, carbon is dissolved in the surface layer in a carbonaceous 
atmosphere at an austenitizing temperature followed by quenching. This results in a gradient of 
carbon content below the surface. This carbon gradient accompanies the gradient in hardness 
[119]. The structure of the martensite is tetragonal and this tetragonality forces the 
magnetization axis to be parallel to the c-axis in the martensite unit cell. Martensite structure is 
composed from small needles or packet laths. The micro-residual stresses in the martensite 
needles may also influence BN emission to some extent. 
 
The magnetic BN signal obtained from a martensitic structure is notably lower than for ferrite 
and pearlite structures since domain walls are pinned due to high dislocation density [73, 119]. 
The peak of the martensite is also much broader than the peaks observed from other 
microstructures. These differences in the martensite BN envelope can be explained by the 
tetragonal structure of the martensite and the residual stresses in the martensite needles. The 
formation of compressive residual stresses in the martensite structure due to volume expansion 
must also be considered because they have an influence on BN [73]. Due to the small size of the 
martensite needles, the domain wall energy plays an important role, so the relative volume 
occupied by a wall is larger than in the other phases of steel [120]. 
 
Tempered martensite structure 
Tempering is performed to brittle as-quenched martensite to improve ductility and to reduce the 
residual stresses caused by previous treatments such as quenching. A tempered martensite 
structure consists of carbides and ferrite. The carbides first precipitate as the tempering 
temperature is increased and at higher tempering temperatures the carbides coarsen and grow. 
During the magnetization process, in the tempered martensite structure the moving domain 
walls have to overcome the extra pinning sites generated by the carbide precipitates.  
 
Normally, when steel is tempered, the first changes occur in the carbon atom arrangements 
[121] at temperatures from 25-100 °C [122]. The high supersaturation of the carbon in 
martensite along with the high mobility of interstitial carbon atoms makes certain that the 
carbon atoms rearrange themselves into dislocations and boundaries even at these low 
temperatures [121, 122].   
 
When tempering high-carbon steels at temperatures of 100-200 °C, firstly the transition 
carbides, for example -carbide (Fe2.4C), are precipitated [122]. Moreover, the carbon content of 
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the martensite matrix is decreased [121]. Epsilon ( ) carbides are observed as small (diameter 
less than 0.5 µm), evenly distributed carbides. Thus, they can be hard to detect even from 
scanning electron microscope micrographs taken with higher magnifications [122]. 
Transformation carbides are reported to array typically in linear clusters within the martensitic 
matrix [121]. They are stated to form on (100) planes of ferrite, which is also the easy 
magnetization axis. Therefore, they have been found to have only a minor pinning strength to 
domain wall motion and have been observed with increased BN emissions compared to solid 
solution  high  purity  iron  samples  [110].  In  addition,  the  width  of  the  BN  envelope  has  been  
observed to be larger than for solid solution samples [110].  
 
At a temperature range of 200-350 °C the retained austenite is reported to decompose into a 
mixture of cementite and ferrite [122], which is called the second stage of tempering [121, 122]. 
Cementite carbides (Fe3C) start to replace the transition carbides during the tempering 
temperature range of 250-350 °C [121]. The most likely sites for cementite nucleation are at the 
interfaces between the -carbides and the matrix [123]. Above 350 °C the carbides are 
coarsened and spheroidization takes place. It should be noted that Fe3C can also precipitate 
directly and this is probable in the case of a material with high defect density. At higher 
tempering temperatures, the cementite carbides coarsen and grow at the expense of the -
carbides. Besides, at a temperature range of 400-600 °C, the dislocation structure starts to 
recover, but the martensite lath-like structure is still maintained [122].  
 
The cementite carbides are stated to have anisotropy and they are located on (110) planes in the 
matrix originating at a 54.74° angle between these planes and the easy axis of magnetization 
[110]. This produces a closure domain formation around the cementite carbides in the ferrite 
matrix. Cementite carbides have great influence on the BN emissions. Tempering, thus 
increases the BN activity compared to a martensite structure [73, 110]. 
 
Different changes in BN responses have been observed for martensite decomposition during 
tempering. In the studies of Saquet et al. [73],  it  was  noticed  that  the  BN  emissions  from  a  
tempered martensite structure were transformed from low intensity high magnetic field 
martensite peaks into higher intensity BN peaks at low magnetic field strength when the 
tempering temperature was increased. This behaviour was due to the carbide precipitation that 
occurred. While tempering above 400 ºC, a strong increase in the amplitude of the BN peak was 
seen as the carbides started to spheroidize and the ferrite structure began to recrystallize [73]. 
 
Multiphase steels 
The  BN method has  been utilized  to  study the  relative  amounts  of  phases  present  [124].  The  
method has been used to study the volume fraction of ferrite in ferrite-martensite and also 
ferrite-bainite steels. In particular, the peak position of the BN signal was sensitive to the 
volume fraction of the ferrite phase for both ferrite-martensite and ferrite-bainite steels. [124] 
Similar results were also obtained by Gür et al. [125] for ferrite-martensite steels. Also, Kaplan 
et al. [120] studied ferrite-martensite steels and noticed a decreasing RMS voltage trend as a 
function of increasing martensite volume fraction. This can be understood by considering the 
fact that martensite pins domain walls more effectively than ferrite.                                                                                            
 
Retained austenite 
Retained austenite is observed to create non-magnetic (internal demagnetizing fields) areas that 
domain walls cannot overcome. The reason for this is that austenite is not ferromagnetic. This is 
why retained austenite has been observed to be a strong barrier to domain wall motion [75]. The 
retained austenite amount was observed to control the stress sensitivity of a 9Ni steel in the 
studies of Rautioaho et al. [126]. The maximum stress response was observed with the amount 
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of 3-5 % austenite whereas a decreased stress response was observed with high austenite 
contents [126]. The reason for this behavior is that retained austenite forms non-magnetic areas 
that domain walls are hard to overcome even in the presence of high tensile stress. 

 
Figure 7. The RMS value of the BN signal as a function of applied magnetic field with different 
microstructures [73]. 
 
Grain size 
Grain boundaries are commonly reported as active pinning sites for domain wall motion. Thus, 
the grain size has been said to be related to BN activity. The smaller grains provide to a larger 
number  of  grain  boundaries  creating  more  BN  events  of  smaller  amplitude  [72].  The  BN  
amplitude has been found to decrease when the grain size increases [110]. In contrast, Tiitto 
[127] observed the opposite behaviour, increasing BN amplitude with increasing grain size, at 
the beginning of the magnetization process. If the grain boundaries were the dominant pinning 
sites, one would expect BN amplitude to increase with increasing grain size as the mean free 
path  increases.  When  this  is  not  the  case,  other  factors  dominate  the  pinning  of  the  domain  
walls. 
 
4. UTILIZATION OF BARKHAUSEN NOISE METHOD  
 
The magnetic Barkhausen noise method can be utilized in many applications such as quality 
control of heat treatments and quality control of grinding, as presented in the following section. 
Recent studies in particular have concentrated on the utilization of the BN method in the case-
depth determination of hardened surfaces. In addition, some novel Barkhausen noise 
applications are introduced below. 
 
4.1. Quality control of heat treatments 
 
The case-hardening process is usually performed by carburizing case hardening, induction 
hardening or nitriding. These processes create surface layers with good wear and fatigue 
resistance, high hardness and high resistance against high surface pressures. The hardening 
effect of the surface in carburizing and nitriding is due to carbon or nitrogen diffusion into the 
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steel surface from a carbonaceous or nitrous atmosphere followed by a quench when the 
transformation of martensite occurs in the surface layer. This creates a hardness gradient and 
also compressive residual stresses within the sample surface [128]. Induction hardening is 
employed with an induction coil that creates eddy currents in a conductive material and this 
locally heats the component above the austenitization temperature. The martensite is formed 
within surface layer after a fast quench. Heat treatment parameters such as inductor coil 
frequency, time and power used can be varied to change the depth of the hardened layer 
produced [71].  
 
The determination of case depth is one way to evaluate the composition gradients, 
microstructure gradients and also the quality of the hardening treatment. The detection of the 
case-hardened layer depth is normally done in a destructive manner by hardness depth profiling 
or from a cross-sectional sample by optical microscopy. Destructive case-depth evaluation can 
be done according to standards e.g. ISO 2639 and SFS-EN 10328 [129, 130]. The definitions 
for case-depth estimations obtained from different heat treatments are introduced below. 
 

 For carburized case-hardened parts the hardness limit defining the case-hardness depth 
(CHD) is 550 HV (50 HRC) measured with HV0.1, HV1 or HV5.  

 For induction hardening components the case-hardness depth (Rht) is the distance 
from the surface where the hardness is 80 % of the surface hardness. Usually the value 
of 400 HV1 is used (for surface hardness of 500 HV1).  

 For nitrided parts, the case-hardening depth (Nht) is the distance from the surface 
where the hardness is 50 HV1 above the core hardness. [131] 
 

Both optical microscope verification and micro-indentation procedures, are destructive in 
nature, time-consuming and require appropriate equipment to perform them in a factory 
environment. Thus, they are not fully applicable in modern factories with online process control 
and high productivity rates. However, these methods are suitable for verifying the findings of 
the non-destructive methods used in case-depth studies. 
 
Magnetic non-destructive methods for case-depth determination 
The detection of a hardened layer thickness by magnetic non-destructive methods has been 
studied widely in recent years. So far, no commercial systems based only on BN have been 
introduced to detect case-depths. The motivation for these measurements comes from the need 
for quality control in industry. The non-destructive detection of the hardened layer thickness is 
useful in the detection of the layer left for the re-grinding and verification of case-depths of 
hardening heat treatments. According to the present knowledge, case-depths can be accurately 
down to 1-2 mm by BN measurement.  
 
Many studies [58, 59, 62, 132, 133, 134] that have been performed utilize the Barkhausen noise 
method in case-depth studies. The main approaches to the interpretation of the BN signal in 
case depth studies are listed below: 
 

 Two peak behaviour  of  the  BN envelope  due  to  the  soft  core  and hard  case  and the  
calculation of the ratios of these two peaks [21, 62, 132, 133, 135] 

 Filtering of the BN signal to exclude the signal from the soft core [132, 133] 
 Magnetic hysteresis loop parameter detection [58, 59] 

 
However, many of the studies use a combination of these approaches. They are discussed in 
details in the following section.  
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Two-peak BN envelope studies  
Two-peak behaviour, illustrated in Fig. 8, is expected when there are two different 
microstructural layers present within the BN skin depth range.  The magnetization process is 
assumed  to  occur  in  two  regions  of  different  magnetic  field  strengths  due  to  the  presence  of  
hard and soft phases. One of the peaks originates from the low hardness subsurface with lower 
magnetic field excitation and the peak at higher field strength originates from the hard case.  It 
is well known that the core of the hardened specimen with a low hardness ferrite or ferrite-
pearlite microstructure, described by low coercivity and high permeability, would be more 
easily magnetized with a lower magnetizing field.  In contrast, the hard martensite case, having 
high coercivity and high remanence values, requires a stronger magnetic field to be magnetized 
[48].  

 
Figure 8. An example of a two-peak BN envelope with different case-depth value samples 
[62]. 

 
Many studies [62, 132, 133] have observed the occurrence of the two-peak BN envelope in 
case-depth studies. The two-peak feature has been found from both induction hardened sample 
BN envelopes [58, 59, 132, 134] and from case-carburized sample BN envelopes [59, 62].  
 
A  ratio  of  the  two-peak  heights,  the  ratio  of  the  surface  peak  divided  by  the  bulk  peak,  was  
observed to increase with increasing hardening depth in induction hardened samples to 
hardening depths of 4.5 mm [132]. Another study [134] concluded that the measurement limit 
was 1 mm for induction hardened samples. In addition to these systematic changes in the 
envelope, features of the BN signal could be used as indicators for the volume fractions of the 
ferrite and martensite phases [134]. Moorthy et al. have detected two-peak behaviour in many 
studies dealing with hardened steel samples that were measured by a laboratory-made low 
frequency BN equipment [61, 70, 135, 136]. For example Moorthy et al. [70] detected two-peak 
behaviour for differently tempered case-carburized steel samples having a case-depth value of 1 
mm. The measuring frequency for these measurements was low, 4 Hz.  
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The assumption that two-peak behaviour is only observable with samples having smaller case-
depth values has been proven in many studies [62, 134]. The measurements have shown that 
with an increasing case-depth value, the small peak formed with smaller magnetic field strength 
values gradually decreases and diminishes. This was proven by etching the case away and 
observing the peak behaviour changing in the same way compared to the shallower case-depths 
[62]. 
 
Besides the actual case-depth BN studies, many investigations have noticed double-peak 
behaviour [96, 104, 137] in the BN envelope. For example, a double-peak has emerged in 
compressive elastic and plastic loading [104]. It was assumed that in this case the double peak 
arose from two different types of pinning sites [104]. Also, a decarburized surface layer was 
found to produce a two-peak BN envelope [96, 137]. One explanation for this is to link these 
peaks to spike domains and their behaviour during the magnetization process. Sometimes the 
spike domains are generated in the specimen although it has been saturated. The reversal of the 
magnetic field creates nucleation of new domains and this makes new BN activity [137]. 
 
Case-depth studies with filtering of the BN signal  
In most studies, many different methods for the determination and classification of the 
measured data have been used. Also, BN signal filtering has been studied [132, 133]. It is 
believed that the use of different filtering and frequency ranges used in the measurements may 
produce more detailed information about the microstructural gradients in the case-hardened 
samples. For example, several analysing filtering bandwidths and also the use of peak height 
ratios have been studied [132]. By determining the appropriate filtering, the two peaks could be 
distinguished. The highest filtering with 50 kHz diminishes the peak coming from the bulk 
material. This means that the optimal filtering range is essential so that no important 
information of the BN signal is lost. 
 
In addition, a frequency range study has been performed [133] in order to find the best 
frequency band for case-depth estimation. A frequency spectrum with Fast Fourier 
Transformation (FFT) was recorded and the band was further divided into smaller ranges to find 
the appropriate one for signal analysis. The measured series contained two different carburised 
steel sample series with case depths varying from 100 µm to 1000 µm and three ion nitrided 
steel samples with case depths varying from 1 µm to 200 µm. Only one nitrided tool steel was 
found to have a two-peak behaviour in these studied conditions and due to this behaviour, the 
calculation of the ratio of the peaks could not be used [133].  
 
Various studies [61, 70, 135, 136]  made by Moorthy et al. during recent years have dealt with 
both high and low magnetizing frequency BN measurements. In many of their studies, they 
have detected a two-peak Barkhausen noise signal envelope from low frequency measurements. 
In one of their studies [70], various hardened and tempered steel samples were measured with 
both high and low frequencies to study the effect of different signal filtering techniques. The 
low frequency measurements revealed a two-peak envelope in which the different filtering 
ranges had more effect on the second peak arising from the higher magnetic field strengths.  
 
Measurements of the magnetic hysteresis properties for case depth studies 
Magnetic hysteresis loop properties have been used to study the case-depth measurement [58, 
59, 60]. The coercivity and the hysteresis loss, referring to the area of the hysteresis loop, were 
found to increase while the case-depth increased [58]. Also, Kai et al. [60] concluded that 
coercivity increased with increasing hardening depth. In contrast, the maximum permeability 
[58] and relative permeability [60] were found to decrease as the case-depth increased. Kai et 
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al. [60] concluded that with a low measurement frequency, the difference of the magnetic 
properties dependent on case-depth and hardness was larger. This phenomenon can be 
explained by the fact that as the case-depth increases, more domain wall reversal occurs in the 
case consisting of martensite. Martensite is known to require quite a high magnetic field to 
unpin the domain walls and this contributes to the increase in coercivity and hysteresis loss 
values. The saturation magnetization value Ms was also found to correlate with case-depth 
values on both induction and carburized samples [59] and with hardened samples [60]. A 
change in the hardened layer thickness has an effect on the overall saturation magnetization and 
the case-depth can be determined by the calculation of the volume-weighed sum of the 
saturation magnetization of the core and case. 
 
4.2. Quality control of grinding  
  
As previously described, grinding burns compromise material properties and may lead to 
failures during the use of the ground pieces. Therefore, it is essential that damaged components 
can be detected in quality control. To ensure the surface integrity of a ground piece, many 
automatic or semiautomatic inspections with inspection machines are carried out to measure the 
tooth dimensions, profile and surface roughness after the grinding [8]. In addition any grinding 
burns can be detected by several methods. One possibility is destructive microhardness 
measurements. Microscopic inspection is also an effective way but unfortunately the destructive 
studies are not usable in industrial quality control. Additionally, the X-ray diffraction method 
can be used to non-destructively detect the residual stresses in the very near surface layer of the 
ground part e.g. [139]. 
 
The most common grinding burn detection technique used is the chemical nital etch procedure. 
This standardized [140] method is applicable for the detection of localized overheating in 
carburized case-hardened steels. The detection of grinding burns via nital etching is based on its 
sensitivity to surface hardness changes [8]. An etched surface with grinding burns demonstrates 
a colour change compared to a sound surface [8, 140]. The nital etch procedure requires 
awkward handling of the specimen to be tested in a container and cleaning. Also, the nital etch 
inspection is quite a slow method, hard to automate and the interpretation of the findings can be 
difficult. In addition, the nital etch might not reveal subsurface tensile residual stresses [141]. 
 
Besides the conventional chemical nital etch inspection and microhardness measurements 
described earlier, the non-destructive magnetic Barkhausen noise analysis method can also be 
utilized for grinding burn detection [6, 7, 142, 143, 145]. Barkhausen noise analysis can reveal 
the locally damaged surface containing an altered microstructure or residual stress state. There 
is a growing demand for non-destructive testing of steel components for detection of defects 
and residual stresses. The material characteristics affect the generated Barkhausen noise and the 
method can be used to detect the residual stress by controlling microstructure and to detect 
microstructural changes by a controlling residual stress level. The BN method is a fast and non-
destructive way to examine components in quality control. Because the method can be 
automated, Barkhausen noise analysis is widely used in the gear manufacturing industry to 
control the quality of ground gears e.g. [20]. However, the method itself only produces relative 
results; these results need to be compared to a certain rejection limit. In addition, the method 
also needs calibration. These issues have already been discussed in the section on calibration of 
non-destructive measurements. 
 
Several studies have been conducted to compare the BN method outcomes with observations 
from nital etching [142, 145]. For example, Dünck-Kerst [142] compared the nital etch results 
with the BN measurements of ground gears. The conclusion was that changes in the internal 
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stresses observed with BN occur mostly before the actual microstructural change leading to loss 
of hardness that could be located with nital etching. Thus the BN method can be used to observe 
changes occurring prior to changes detected with nital etching. 
 
Also, several grinding parameter changes have been related to material property changes 
revealed by the measured BN characteristics. Parakka et al. [146] studied the effect of the 
grinding rate on the variation in the BN peak. The relation of the coolant flow and the BN peak 
and peak width was studied by Gupta et al. [143]. The BN peak was observed to change while 
decreasing the coolant flow to 25 % of the original amount [143]. Parakka et al. [147] studied 
the effect of coolant flow rate on the BN peak and peak width. Vashista et al. [148] studied the 
effect of wheel speed [148], work speed [148] and grinding downfeed [148, 149] on the 
magnetic responses and noticed e.g. that with an increase in wheel speed, work speed and 
grinding downfeed, the area under the BN amplitude spectrum increased. Klocke and Gorgels 
[29] worked on with the grinding parameters and noticed that the BN signal increases with 
increasing stock removal rate referring to an increase in the grinding wheel speed of the feed. 
 
The  relationship  of  the  residual  stress  and  BN  outcome  has  also  been  studied  for  ground  
samples subjected to varying levels of grinding damage e.g. [136, 150]. The BN was found to 
increase with increasing tensile stress as expected [150]. However, some statistical fluctuations 
in the BN data were observed as a function of measured residual stress, which were explained 
by the fact that the microstructural changes affecting the BN signal were independent of the 
stress state [150]. Also, it should be noted that the measurement depth varies when comparing 
these high flow frequency measurement systems [141]. In general, only the high frequency BN 
measurement can be related to surface residual stress measurements occurring less than 20 µm 
below surface [115]. On the other hand, other studies concluded that high frequency BN does 
not show RS changes at depths more than 10 m [136]. Klocke and Gorgels [29] investigated 
also the residual stress profiles produced by grinding samples and also from laser damaged 
samples. They concluded that the different thermal damage levels can be seen from the residual 
stress depth profiles [29]. 
 
4.3. Novel BN applications 
 
The BN method has also been utilized in some novel areas in addition to these above mentioned 
well-known applications. New inspection targets for BN studies such as detection of 
decarburized layer thickness [137] or crack and flaw detection [151, 152, 153] have been 
investigated. The utilization of continuous magnetic Barkhausen noise for artificial groove 
detection was introduced by Franco and Padovese [154].  
 
5. AIM OF THE PRESENT STUDY 
 
During the manufacturing of hardened components, the fabrication of the material may cause 
changes in the material properties such as microstructure and surface residual stresses. Also, 
residual stresses may be created within the material due to inhomogeneous plastic deformation 
or thermal gradients during manufacturing. Stresses may be beneficial or detrimental to the 
component depending on the nature of the stresses (compressive or tensile). Characterization of 
these changes in quality control is a demanding task and generally destructive methods are not 
directly applicable due to their destructive nature and slow response. Barkhausen noise 
measurement is a promising non-destructive technique for analysing material properties low 
equipment cost and fast response.  
 



29 
 

The aim of this work was 1)  to develop a methodology for detection of case-depths of hardened 
components with Barkhausen noise 2) to study the detection of grinding burns by the 
multiparameter Barkhausen noise method and to study the effect of various factors such as 
microstructural changes and different loading conditions on the Barkhausen noise signal in 
hardened steels used in wind turbine gears, 3) to make calibration samples to be used in the 
quality control of the Barkhausen noise method and 4) to study the stress response of tempered 
structures. The modelling of the BN signal used for the experimental results obtained here has 
been discussed elsewhere by Sorsa and Leiviskä, e.g. [155, 156].  
 
The structure of the research topics and studied issues is presented in Fig. 9. The research was 
focused mainly on the manufacturing of artificial thermal damage to be used as test specimens 
in the BN measurements. The studies including the voltage sweep tests for case-depth 
measurements and stress vs. BN relation in different hardened materials were performed in 
order to attain a more profound insight into the BN method itself. This work is composed of six 
publications. The relationship between these publications and the research topic is presented in 
Fig. 9. 
 

 
 
Figure 9. The structure of the research work introducing the topics of the published papers. 
 
 
6. EXPERIMENTAL PROCEDURE 
 
6.1. MATERIALS  
 
The study concentrated on the characterization of hardened steel materials. Both carburizing 
case-hardened and induction-hardened samples were investigated. The materials studied were 
divided into three groups according to the field of research performed: case-depth samples, 
samples for artificial grinding burn detection and samples for loading and bending tests. 
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6.1.1. Samples for case-depth measurements (Publication I) 
 
Hardened rod samples with a varying hardened layer thickness were prepared with induction 
heating and carburizing case hardening for case-depth detection with BN. For induction 
hardening, two steel grades, 34CrNiMo6 and 42CrMo4, were used. Steel grade 18CrNiMo7-6 
was used for carburizing case hardening. 
 
The length of all the rod-shaped induction-hardened samples was 300 mm and the diameter 45 
mm. The samples were induction hardened to varying case-depths from 0.65 mm to 2.2 mm 
with material 34CrNiMo6 and from 0.35 mm to 1.9 mm with material 42CrMo4. Table 2 shows 
the chemical composition of the studied steels. Some of the induction-hardened samples, 
referred to as turned, were turned and finally ground to a smaller rod diameter of 39 mm in 
order to produce a shallower effective case-depth after the induction hardening. Five different 
sets of induction hardened samples were prepared. Table 3 presents a detailed description of the 
sample sets.  
 
Table 2. Chemical composition of the studied steels. 

Wt -% C Cr Si Mo Mn Ni P S Ca Cu Fe 

34CrNiMo6 0.36 1.36 0.28 0.17 0.71 1.31 0.024 0.029 - - bal 

42CrMo4 0.41 1.07 0.31 0.17 0.73 - 0.017 0.03 0.0036 - bal 

18CrNiMo7-6 0.21 1.57 0.20 0.27 0.65 1.45 0.016 0.029 0.0044 0.18 bal 

 

Table 3. Description of the sample sets for case-depth determination with the BN method.   
 Set 1 Set 2 Set 3 Set 4 Set 5 Set 6 

Hardening 
method 

Induction 
hardening 

Induction 
hardening 

Induction 
hardening 

Induction 
hardening 

Carburizing 
case 

hardening 

Induction 
hardening 

Material 34CrNiMo6 34CrNiMo6 34CrNiMo6 42CrMo4 18CrNiMo7-6 34CrNiMo6, 
42CrMo4 

Hardening 
layer thickness 

variations 
[mm] 

0.65-2.2 0.825-1.85 0.65-1.45 0.35-1.9 1.2-3.5 

 
2.8, 2.9 

(34CrNiMo6) 
3, 4 

(42CrMo4) 
 

Sample 
manufacturer 

Takoma 
Gears Oy, 

one-
frequency 
machine 

Takoma 
Gears Oy, 

multi-
frequency 
machine 

Bodycote 
Värmebehand

ling AB 
(Malmö, 
Sweden) 

Takoma 
Gears Oy, 

one-
frequency 
machine 

Moventas 
Wind Oy 

(Karkkila and 
Jyväskylä) 

Takoma Gears 
Oy 

 
6.1.2. Samples for artificial grinding burn detection (Publications II, III) 
 
The starting point for the preparation of samples for artificial grinding burn detection was that a 
controlled tempering with laser or induction processing was carried out to the already hardened 
steel surfaces. The prior state in all studied samples was a hardened surface, either by 
carburizing or induction hardening. The laser processing was applied to the samples to make 
tempered marks that simulate some softened areas in the otherwise hardened surface. Several 
experimental series of laser-processed and induction-processed samples were manufactured. 
The sample series contained hardened samples, both carburizing case-hardened and induction-
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hardened and ground. Some samples were detached teeth from gears and a whole gear wheel 
was also processed. The details of the different sample categories are presented in Table 4. The 
sample series also contained powder metallurgically (PM) manufactured steel blocks and 
rectangular induction-hardened steel blocks. Table 5 shows the chemical composition of the 
studied steels. In addition, different surface conditions for laser processing such as ground, 
vibratory ground (VG) and a sand-blasted surface were studied for helical gear teeth samples. 
Fig. 10 shows the samples for the different laser-processed sample categories. 

 
Table 4. Details for the different sample categories prior the laser processing. 

 Set 1 Set 2 Set 3 Set 4 Set 5 Set 6 

Sample 
name Gear teeth  Planet gear  Planet gear 

teeth 
Helical gear 

teeth 
PM 

samples 

Induction 
hardened 
samples 

Figure 10 A1) 10 A2) 10 B) 10 C) 10 D) 10 E) 

Hardening 
method 

prior laser 
processing 

Carburizing 
case-

hardening 

Carburizing 
case-

hardening 

Carburizing 
case-hardening 

Carburizing 
case-hardening 

   
Hardened 

Induction 
hardening 

Material 18CrNiMo7-6 18CrNiMo7-6 18CrNiMo7-6 18CrNiMo7-6 S790 34CrNiMo6, 
42CrMo4 

Surface 
condition Ground 

Ground, 
vibratory 

ground (VG) 
Ground Ground, sand-

blast Ground Ground 

 
Table 5. Chemical composition of the 18CrNiMo7-6, S790 (PM40), 34CrNiMo6 and 42CrMo4 
steels used.  

Wt -% C Cr Mn Mo Si V W Ni Ca Fe 
18CrNiMo7-6 0.17 1.65 0.56 0.32 0.19 <0.01 - 1.52 0.0044 bal 

S790 1.3 4.2 0.3 5.0 0.5 3.0 6.3 - - bal 
34CrNiMo6 0.36 1.36 0.71 0.17 0.024 - - 1.31 - bal 
42CrMo4 0.41 1.07 0.73 0.17 0.31 - - - 0.0036 bal 

 
All of the processed gear teeth samples were manufactured from case-hardened gear steel 
18CrNiMo7-6 (EN 10084). The laser-processed samples were detached from a planet gear and 
from a smaller helical gear by water cutting. The gears were carburizing case-hardened, 
tempered at 180 °C and normally ground prior to water cutting. Grinding was performed with a 
gear tooth grinding machine with an aluminium oxide grinding wheel with proper cooling fluid 
prior to the water cutting.  
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Figure 10. The laser-processed samples; A1) detached gear teeth, A2) planet gear, B) detached 
planet gear teeth, C) detached helical gear teeth, D) PM sample block and E) induction 
hardened sample block. [III] 
 
Induction processing was performed on the planet gear teeth samples manufactured from case-
hardened gear steel 18CrNiMo7-6 (EN 10084). The induction-heated teeth samples were 
detached from a planet gear. 
 
6.1.3. Samples for stepwise loading and bending (Publications V, VI) 
 
Two sets of samples were prepared for studying the effect of loading on BN responses.  
 

1) The plate load test bars were machined from case-hardened steel 18CrNiMo7-6 (EN 
10084). Table 6 presents the chemical composition of the studied steel. The test bars 
were  rectangular  with  a  length  of  2400 mm and a  width  of  40  mm at the measuring 
point. The thickness of the test bars was 6 mm (Publication V). 

2) The second set of samples was machined from RAEX400 low-alloy hot-rolled steel.  
Table 6 presents the chemical composition of the studied steel.  The bending samples 
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were  cut  to  a  rectangular  shape  with  a  length  of  300  mm,  width  of  30 mm and a 
thickness of 6 mm (Publication VI). 

 
Table 6. Chemical composition of the studied steels. 

Wt -% C Cr Si Mo Mn Ni P S Ca Cu Fe 
18CrNiMo7-6 0.21 1.57 0.20 0.27 0.65 1.45 0.016 0.029 0.0044 0.18 bal 

RAEX400 0.14 0.9 0.2 - 1.2 - - - - - bal 
 
Heat treatments for the loaded samples  
Both sample sets were first carburizing case-hardened and further tempered in order to modify 
the microstructural and residual stress state. 
 
Carburizing case-hardening  
 

1) Plate load test bars were carburizing case-hardened with 0.7 % carbon potential at 
940 ºC for 20 hours after machining (Publication V). 

 
2) The second set of samples were carburizing case-hardened in a vacuum chamber 

at 930 °C for 20 minutes to a case-hardening depth (CHD) of 0.8 mm. During the 
carburizing process the carbon potential of the furnace was adjusted to 0.8 %. The 
specimens were directly quenched in air. The hardening temperature of 930 °C 
was used to ensure a fully austenitic starting condition (Publication VI). 

 
Tempering of the loaded samples 
After the carburizing case-hardening, the samples were tempered in a tube furnace with 
different temperature-time combinations to modify the final microstructure and hardness. Table 
7 shows the tempering procedure for set 1 samples. Two of the test bars, referred to as sand-
blast, were first quenched into a salt bath then tempered and finally sand-blast. Table 8 shows 
the tempering procedure for set 2 samples. 
 
 
Table 7. The tempering procedures for the18CrNiMo7-6 samples.  

Procedure Tempering 
temperature (ºC) 

Tempering time 
(min) Quench Surface hardness 

(HV1) 
1. 180 90 Salt bath 710 
2. 180 240 Air 680 
3. 180 150 Air 700 
4. 300 150 Air 600 
5. 250 180 Air 620 
6. 250 120 Air 650 
7. 350 150 Air 560 

8. sand-blast 180 90 Salt bath 720 
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Table 8. The tempering procedures for RAEX400 samples.  

Procedure Tempering 
temperature (ºC) 

Tempering time 
(min) Quench Surface hardness 

(HV1) 
Bulk sample - - - 300 

1.  180 60 Air 851 
2.  160 60 Air 834 
3.  200 60 Air 777 
4.  225 60 Air 701 
5.  275 60 Air 624 
6.  300 60 Air 600 
7.  250 30 Air 751 
8.  275 30 Air 765 
9.  300 30 Air 659 
10.  630 150 Air 358 

 
6.2. METHODS 
 
At first the laser processing and induction processing used in this work to produce artificial 
flaws are introduced. Then, all the materials characterization and testing methods used in this 
work are explained. 
 
6.2.1. Artificial flaw manufacturing 
 
Laser processing (Publications II, III, IV) 
Laser processing experiments were performed with a Nd:YAG (Yttrium aluminium garnet 
doped laser with neodymium ions) 4 kW Haas HL4006D lamp-pumped laser by heating up the 
tooth flank surface rapidly and allowing the component to cool freely in air. The wavelength of 
the Nd:YAG laser is 1.06 µm. The size of the top-hat profile laser beam on focus was roughly 
8x12mm2 in all experiments. The beam was moved along the sample surface for a distance of 
20 mm. The laser optics distance from the surface of the laser-processed surface was 75 mm. 
The processing head and the laser beam were kept at 90° in relation to the tooth flank surface. 
Different laser processing directions on the tooth surface were studied: along the tooth surface, 
from the tip to the root or from the root to the tip. The studied laser processing directions are 
presented in Fig. 11. The laser processing arrangements for the two laser processing directions 
are presented in Fig. 12.  

 
Figure 11. Different laser processing arrangements on tooth surface. A) shows the laser 
processing direction along the tooth surface and B) shows laser processing directions from tip 
to root or from root to tip. 
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a) b) 
Figure 12. a) The planet gear in laser processing where the laser traverse rate direction is 
along the tooth axis, b) laser traverse rate direction along the tooth profile. 
  
Temperature measurements in laser processing (Publications II, III, IV) 
 
The temperature of the laser beam irradiated area in laser processing was measured 
simultaneously with two infrared quotient thermometers Maurer KTR 2300-1 and Maurer 
QKTR 1075-1. These thermometers had different temperature measuring scales of 100-400 °C 
and 400-1100 °C, respectively. The temperature measuring frequency used was 0.125 seconds. 
The accuracy of the infrared thermometer was reported to be 1 % ± 1 °C by the device 
manufacturer [157] (Publications II, III, IV). In addition, a Flir A235 thermal camera was used 
together with infrared thermometers for surface temperature measurements for some helical 
gear samples and the PM samples (Publication III). The picture-capture frequency for the 
camera was 30 Hz and an emissivity value of 0.13 was used in the calculations for the samples. 
The emissivity value for the ground surface was provided by the device manufacturer. The 
accuracy of the thermal camera was reported to be ±2 % or  ± 2 °C by the device manufacturer 
[158]. 
 
Induction heating for artificial grinding burn manufacturing (Publication II) 
 
Induction heating was used to produce rapid thermal loads into the specimens, i.e. a varying 
degree of thermal damage was introduced. Temperature was controlled with temperature 
lacquers. Short interaction times for the surface heating processes were used in order to mimic 
the rapid heat production generated in grinding. Five different samples were heated with 
different target temperatures. The target temperatures of 200 °C, 300 °C, 400 °C and 500 °C 
were reached with a 1-second induction heating cycle and the target temperature of 600 °C was 
reached with a 3-second induction heating cycle. Each target temperature required a different 
heating time or heating power, so for each grinding burn mark a calibration power cycle was 
performed  first.  After  the  calibration  power  cycles,  the  actual  burn  marks  were  made  on  the  
teeth samples and the samples were allowed to cool freely in air after heating. The samples 
were manufactured by Trueflaw Inc.  
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6.2.2. Barkhausen noise measurements (all publications) 
 
A Rollscan 300 Barkhausen noise analyser, manufactured by Stresstech Oy (Finland), was used 
to characterize all the studied samples. The BN measurements were recorded with MicroScan 
software, yielding different parameters calculated from the signal itself. The RMS value of the 
Barkhausen noise amplitude is commonly calculated from the signal. Table 9 introduces the 
measurement parameters for different sample categories. Normally, a magnetizing voltage of 
4.3 vpp (voltage peak to peak) was used with a magnetizing frequency 125 Hz. In the analyses, 
the results were an average of 20 Barkhausen noise bursts filtered with a filter of 70-200 kHz. 
Each burst represents one half of the magnetizing cycle. For the case-depth samples, 
magnetizing frequency and voltage sweeps were performed with a various frequency and 
voltage parameters but the MicroScan measurements were performed with a frequency of 125 
Hz and voltage of 7 vpp. Residual magnetism was measured from all the samples with a 
Residumeter II model EMUD2K meter manufactured by Electro-Matic Products Co. Electrical 
polishing using a Lectropol-5 apparatus, manufactured by Struers, with Struers A2 electrolyte, 
was  performed  on  loaded  sample  sets  prior  to  the  BN  measurements (Publications V, VI). 
Uncertainties for the BN RMS measurements were assessed using an independent sample. The 
uncertainty was observed to be ± 6%. 
 
Table 9. Barkhausen noise measurement parameters for different sample categories. 

Sample categories Magnetizing 
frequency [Hz] 

Magnetizing 
voltage 
[vpp] 

Analysis 
frequency 

range [kHz] 
Sensor 

Case-depth samples 20, 30, 60, 125 0-16, 7 70-200 S1-15-33-03, 
#5553 

Samples 
for 

artificial 
grinding 

burn 
detection 

PM-samples 30 4.3 70-200 S1-164-15-11, 
#5157 

Other samples 125 4.3 70-200 S1-164-15-11, 
#5157 

Stepwise 
loaded 

and bend 
samples 

Set 1: 
18CrNiMo7-6 125 4.3 70-200 S1-164-15-11, 

#5157 
Set 2: 

RAEX400  125 8 70-200 S1-18-13-01, 
#4740 

 
6.2.3. X-ray diffraction measurements (all publications) 
 
Residual stress measurements 
Residual stresses (RS) in all sample categories were measured with a portable Stresstech 
XStress 3000 X-ray residual stress diffractometer (XRD) (Stresstech Oy, Finland) introduced in 
Fig. 13 a). The system consisted of a goniometer, central unit and portable computer with the 
calculation program X3000.  
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a) b) 

Figure 13. a) Bent sample under the X-ray diffraction XStress 3000 equipment. b) The slope of  
d/sin2  plot. 
 
The basis of residual stress measurement by X-ray diffraction methods is to measure the 
spacing of the lattice planes that are affected by the stress. Lattice plane spacing changes in the 
grains from a stress-free value to some new value that depends on the magnitude of the stress. 
The diffracted X-rays from the atoms of a crystal plane are amplified by each other and form a 
diffraction peak at the angles where the Bragg law, equation (7), is fulfilled. The Bragg law 
gives the conditions necessary for diffraction to occur and is the fundamental basis of the X-ray 
diffraction theory. Only the grains which fulfil the Bragg condition reflection, will contribute to 
the measured diffraction. Two or more scattered X-rays will be in phase and amplify each other 
only  if  the  path  difference  is  equal  to  a  whole  number  of  wavelengths  which  is  defined  in  
equation 1. The Bragg law may be written in the form [159]: 
 
         (7) 
 
where dhkl is the distance between hkl lattice planes,  is the diffraction angle,  is the 
wavelength of the X-ray radiation and n is an integer constant (1,2..).  Strain obtained with X-
ray diffraction will be the average strain acting in the sampled grains. Fig. 14 illustrates the 
diffraction of X-rays by the crystal lattice. The incident X-rays with a certain wavelength  and 
at  an  angle   are  diffracted  from  those  grains  that  fulfil  the  Bragg  condition  introduced  in  
equation 7. 

 
Figure 14.  Diffraction of X-rays by a crystal lattice [160]. 
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When stressed elastically, the lattice spacing of a crystalline material varies in relation to the 
orientation of the lattice planes and in relation to the stress direction. The elastic strain results in 
a change in the atomic lattice dimension and this dimension change can be measured by 
diffraction methods. With applied tensile stress, the lattice spacing will increase for the planes 
perpendicular to the direction of the applied stress and decrease for planes parallel to the 
direction of the applied tensile stress. The elastic strain of the crystal lattice can be calculated 
from the measured diffraction peak position when the lattice spacing in the stress-free condition 
do is known, as demonstrated by equation (8).  
 
     =     (8) 
 
where  is the strain, d is the lattice spacing in the stressed specimen and do is the spacing from 
stress-free calibration powder. The obvious drawback of this approach is the need for 
calibration powder. 
 
RS measurements were performed with the Chi method [161]. The principle of the 
measurement was that the interplanar lattice spacing of ferrite [211] plane can be calculated 
using the Bragg’s law from the reflections from the 156° Bragg diffraction angle. The modified 
chi method is the most commonly used method of the X-ray diffraction technique with portable 
goniometer having detectors for stress determination. In the modified chi method, lattice 
spacing d of the sample is measured at different  tilts. Angle  is the angle between the normal 
of the sample and the normal of the diffracting plane. Normally four to six tilts are taken. The 
residual stress can be calculated with the elastic constants and the slope obtained from a plot of 
the lattice spacing d as a function of sin2  that is introduced in Fig. 13 b). The stress can be 
calculated from the equation [162] 
 
     =     (9) 

 
where  is the stress in the measuring direction, E is the Young’s modulus,  is the Poisson’s 
ratio and m is the slope obtained from the lattice spacing d vs. sin2  curve. This technique for 
plane-stresses does not require the exact knowledge of the unstressed lattice spacing because 
the lattice spacing is a linear function of the sin2 . The interception of the zero value of sin2  
equals the unstressed lattice spacing. [163] 
 
Inclined measurements were made at four different tilt angles. The measurements with the 
XStress 3000 stress analyser were conducted with a collimator of 3 mm, operated with 30 kV 
voltage, 6.7 mA current and CrK  radiation. CrK  radiation was selected as it gives a 
measuring depth of 5-6 m [164]. Measurements from all the samples were done along the -
directions of 0° and 90° corresponding to longitudinal and transverse directions in relation to 
sample surfaces. In addition to the residual stress values X-ray diffraction peak FWHM values 
were also determined. 
 
The diffraction peak combines information of X-rays that are scattered from many individual 
atoms from different grains. A diffraction peak shift results from the change in lattice spacing 
over a uniform irradiated volume. Uniform microstresses and macrostresses have an influence 
on the lattice spacing and cause the shift of the diffraction lines to new 2  positions [159]. X-
ray diffraction peak broadening is detected when a non-uniform micro stress, caused by crystal 
defects such as dislocations and vacancies, produce local variation in the lattice spacing. Due to 
non-uniform microstresses, the lattice spacing is varying in adjoining regions of the grain area. 
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The observed peak is broadened because these regions in one grain with varying lattice spacing 
produce several diffraction lines at different 2  values [159]. Peak broadening is associated with 
the martensite structure; in the hard martensite structure the FWHM value is higher. Peak 
broadening can be detected from the FWHM value calculated from the X-ray diffraction peak.  
 
For the XRD residual stress measurements the instrument-operator uncertainty was observed to 
be ± 2 %. The uncertainty value was calculated from the repeated measurements as Fitzpatrick 
et al. suggested [162]. 
 
Retained austenite measurements (Publication VI) 
Retained austenite measurement with CrK  radiation was performed on the hardened sample 
prior to tempering (VI) by the four-peak method with XRD by comparing the intensities of 
diffraction peaks arising from the different phases. The amount of retained austenite can be 
calculated from the integrated intensity ratio of two austenite lines ([200] at a diffraction angle 
of 80° and [220] at a diffraction angle of 130°) compared with the integrated intensity ratio of 
the ferrite lines ([211] at a diffraction angle of 106° and [200] at a diffraction angle of 156°).  
 
6.2.4. Microstructural characterization 
 
Optical and electron microscopes were used for the characterization of samples. The 
microscopes used in the study are described below. 
 
Optical microscopes 
Two optical microscope systems were used: Nikon Eclipse MA100 and Leica DM 2500 M 
(Leica Microsystems, Switzerland) in the examination of polished and etched microstructures 
(Publications II, V). Samples were prepared by grinding them with 320-4000 SiC papers and 
then by polishing with a 3µm diamond suspension. The etching procedure was performed with 
4 % Nital (Publications II, V). 
 
Scanning Electron Microscopes (SEM) 
The structures of the samples were characterized using a scanning electron microscope (SEM, 
Philips XL30). The structures were analysed from etched metallographic cross-sectional 
samples. Samples were prepared by grinding them with 320-4000 SiC papers and then by 
polishing with a 3µm diamond suspension. The etching procedure was performed with 4 % 
Nital (Publications II, V). More detailed microstructure characterization was done using an 
ultra-high resolution field-emission scanning electron microscope (FESEM, Zeiss ULTRAplus). 
Metallographic cross-section samples were prepared using the same procedure as for SEM 
samples. The sample surfaces were cleaned with Emitech K1050X plasma cleaner prior to the 
microscope studies (Publication III, V). 
 
Optical profilometer 
The surface roughness of the laser-processed samples was characterized using the Wyko NT 
1100 optical profiling system with a magnification of 2.5x. Vision software was used for data 
processing.  
 
Surface roughness measurement device 
Surface roughness was measured with a Mitotoyo SJ-301 device. The measurement length was 
0.8 mm (Publication III). 
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6.2.5. Mechanical testing  
 
Microhardness measurements 
Hardness measurements were performed with a Duramin-A300 (Struers) hardness testing 
device with a load of 1 kg (RAEX400). A Matsuzawa MMT-X7 microhardness tester using 
indentation loads of 100 g and 1000 g was also utilized. The verification of the hardened layer 
thickness (Publication I) was performed with a hardness depth profile according to the 
standards [129, 130]. For induction-hardened samples, the value of the case-depth (Rht) is 
defined as the depth below the surface at which the Vicker’s hardness value drops to 400 HV 
[130]. For carburizing case-hardened samples the case-hardening depth (CHD) is determined as 
the  distance  where  hardness  drops  to  550  HV  (50  HRC)  measured  with  HV0.1, HV1 or  HV5 
[129]. In addition, microhardness depth profiles were performed with an Anton Paar 
microhardness tester attached to a Philips XL30 scanning electron microscope using a load of 
20 g (Publications III, IV). 
 
Mechanical loading 

Sample loading: bending (Publication VI) 

Tempered samples were subjected to four-point symmetrical loading. A sample in the bending 
apparatus is shown in Fig. 15 a). In this four-point bending system, two load applicators, which 
are  evenly  spaced  from  the  support,  are  used.  Fig.  15  b)  shows  the  load  as  a  function  of  the  
sample position in four-point bending. 
 
 
 
 
 

 

 
a) b) 

Figure 15. a) The experimental setup for bending. (A) indicates the location of the strain gage 
and (B) the location of the XRD stress and BN measurements. b) The load as a function of the 
position along the specimen surface. [IV] 
 
The load was applied to the specimen in increments by turning the adjustment screw manually 
with  a  fork  spanner.  After  each  load  increment,  the  BN  and  surface  residual  stress  
measurements were carried out for each loading stage. After each load increment the specimen 
was unloaded before the next load increment. The measurements were performed in the purely 
elastic deformation range. The strain gage signal was recorded simultaneously with the bending 
and the strain was calculated with [165] 

 
                                = u                               (10) 
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where the term C/Cv determines the calibration coefficient of the strain gage amplifier. C is the 
calibration output voltage value, Cv is the calibration voltage, u is the measured voltage and g is 
the gage factor. The measured voltage change due to the strain in the strain gage is u. In the 
tests, C was 2000·10-6, Cv was 1 V and the gage factor g was either 2.11 or 2.08 depending on 
the strain gage series used. The stress on the surface was calculated with equation (11) from the 
measured strain gage readings. In (11) E is the Young’s modulus, 204 GPa, for the studied steel. 
 
                            =      (11) 

 

Sample loading: Uniaxial stepwise tensile and compression loading (Publication V, VI) 

The plate load test samples from the 18CrNiMo7-6 material and from RAEX400 were used in 
the loading tests. A representative set of bending-tested specimens were loaded with a servo 
hydraulic material testing machine (Publication VI).  The Instron 8800 testing equipment 
subjects the test-piece to a uniaxial elongation and the resultant load can be recorded. The test-
pieces were rectangular in cross-section. The stress  can be calculated by dividing the load F 
by the cross-sectional area A. 
 
              =      (12)
  
 
The loading sequence is shown in Fig. 16 (Publication VI). During each loading step the load 
was kept constant while performing the BN measurements. The measurements were carried out 
at angles of 0° (LD) and 90° (TD) (Publication VI) and at angles of 0° (LD), 30°, 45°, 60° and 
90° (TD) (Publication V). The load range varied from – 100 MPa to 250 MPa and was kept 
below the yield strength of the steel. The maximum compressive stress was limited because of 
the risk of buckling. 
 

 
Figure 16. The loading sequence for uniaxial stepwise tensile and compression loading with 
180s holding time. (Publication VI) 

Strain measurements in bending and stepwise loading (Publication VI) 
 
The strain measurements during the bending and uniaxial stepwise loading were performed with 
strain gages. They were mounted with epoxy on the test specimens in the longitudinal direction 
of the sample in order to measure the strain in the applied stress direction. The one-axial 5-mm-
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long strain gages were manufactured by Kyowa. The model used was a KFG-5-120-C1-
11L1M2R with gage factors of 2.11 or 2.08. The change in the resistance of the strain gage was 
measured with a quarter Wheatstone bridge that converts the resistance change to the relative 
voltage change. This signal was recorded and amplified with a Kyowa amplifier. The Kyowa 
amplifier was calibrated using the inner calibration operation of the equipment. The calibration 
of the setup was verified by tensile loading one sample with the servo-hydraulic materials 
testing device Instron 8800 (Instron). 
 
7. RESULTS AND DISCUSSION 
 
The aim of this study was to get more detailed information about Barkhausen noise when 
characterizing hardened surfaces, the effect of heat treatment, thermal damage and the effect of 
stress. The results and discussion chapter is divided into three sections, presenting the results of 
the different areas studied. Firstly, BN magnetizing voltage sweeps for case-depth 
determination are introduced. Secondly, the calibration samples for BN measurements are 
discussed. Finally, the effect of stresses on tempered surfaces is introduced. The 
characterization of samples in all cases was performed mainly by BN measurements, X-ray 
diffraction and destructive characterization methods. In the following section, the main results 
of the attached six publications are presented and discussed. 
 
7.1. Barkhausen noise voltage sweeps for case-depth determination [Publication I] 
 
Non-destructive case-depth determination is difficult and therefore development of a reliable 
method would have a high usage in the heat treatment industry. A new approach to the 
Barkhausen noise case-depth studies was taken by measuring magnetizing voltage sweeps 
(MVS) with a varying magnetizing frequency from hardened samples with Rollscan 300 
equipment. The calculated slope of the MVS curve changed as the magnetizing voltage was 
increased, indicating an increase in the value of the applied magnetic field, as shown in Fig. 17 
a). The slopes were calculated for each voltage sweep by fitting a first order polynomial to 25 
consecutive data points. The MVS curve created this way can thus be correlated to the 
hysteresis curve and the slope value calculated from the MVS curve to the permeability or 
susceptibility value calculated from the hysteresis loop. Both of these values, permeability and 
susceptibility, characterize the magnetic behaviour of the material when the ferromagnetic 
specimen is exposed to a magnetic field. According to the literature, the reciprocal initial 
susceptibility has a linear behaviour with respect to the applied tensile stress [166]. The 
permeability calculated from the slope has been found to be influenced by the magnetic domain 
coupling and also by the domain density [167]. The magnetizing frequency value determines 
partly the depth from which the measured information comes [168]. Thus MVS performed with 
different frequencies can give information from different depths. The use of two different 
magnetizing frequencies in the MVS gave information about the compositional gradient layer 
influenced by the microstructural features and also about the residual stresses. The MVS 
behaviour showed a systematic change with respect to surface hardness and residual stress 
values. [I] 
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a) b) 
Figure 17. a) The slope calculated from MVS as a function of voltage. [I] b) The division of 20 
Hz MVS slope with 125 Hz MVS slope studied sample sets 1-5. –RS denotes compressive 
residual stresses and +RS tensile residual stresses. [I] 
 
It was observed that no conclusions could be drawn from the MVS slope values carried out with 
one magnetizing frequency value in comparison with case-depths [I]. To analyse the sweeps, 
the maximum slope values were determined and compared to case-depths. Correlation 
coefficients between the case-depths and the refined slope information obtained with different 
magnetizing frequencies were calculated. The maximum correlation was found for the slope 
division for magnetizing frequencies of 20 Hz and 125 Hz, as given in Fig. 17 b). The slope 
ratio was correlated to the hardening depths of all sample sets, including both tensile and 
compressive residual stress of carburizing case-hardened samples. This frequency range was the 
widest frequency range studied, i.e. the measurement depth range was also the widest. In 
addition, higher correlations were observed if they were calculated only for one set at a time [I], 
as shown in Fig. 18 b) for set 3 samples. 
 
Hardening heat treatments result in both a microstructural and a residual stress gradient in the 
surface layer of the hardened component [169]. This gradient also affects the magnetic 
properties and thus produces an observable gradient in the measured magnetic features. Many 
studies have discerned that hysteresis measurement features such as coercivity [58] and 
permeability [59] are dependent on the case-depth. The BN method could be more sensitive to 
changes  in  this  gradient  than  the  actual  signals  coming from the  soft  core  and the  hard  case.  
Thus the division of the slopes created with two different magnetizing frequency values shows 
the magnetic gradient defining the hardening depth. 
 
In order to utilize the information obtained about the relationship between the calculated slope 
and the hardening depth, the regression line together with the calculated upper and lower 
confidence limits was identified as shown in Fig. 18 a). The confidence interval can be used to 
indicate the reliability of the regression line. The confidence limits show the range where the 
identified line is located with a probability of 95 %. This means that, with certain measured 
slope division values, it is possible to estimate that the hardened layer thickness variations are 
within a range of certain limits with 95 % probability [I]. When one separate sample set, set 3 as 
shown in  Fig.  18  b),  was  studied,  this  set  was  observed to  create  a  precise  correlation  of  the  
division between slope and the hardening depth [unpublished]. Set 3 samples were 
manufactured from the same material and with the same process device. In conclusion, even 
taking into account many different sample sets the MVS slope ratios led to high correlations, 
0.86, when compared with the case-depth values [I]. 
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a) 
 

b) 
Figure 18. a) The 95 % confidence limits calculated for division of 20 Hz and 125 Hz slope 
for sample sets [I]. b) The 95 % confidence limits for sample set 3 [unpublished]. 

 
Usually  case-depth  studies  using  the  BN  method  rely  on  the  two-peak  behaviour  of  the  BN  
signal envelope. However, in this study only a single peak envelope was observed with a 
commercial Rollscan 300 measurement device [I]. Different explanations for the observed two-
peak behaviour have been introduced, e.g. a different pinning strength of the obstacles (or two 
phases [73]) are said to produce separate peaks. Thus similar data processing, e.g. studying the 
effect of two peak ratios, could not be analysed in this study because of the lack of the double 
peak.  
 
Previous BN studies concerning case-depth measurements have concluded that the case-depth 
can be reliably estimated down to 1 mm [62]. However, the magnetizing frequencies used in 
this study are not low enough to produce a signal from the soft core of the hardened samples 
too, thus the data observed comes from the microstructural gradient of the case [I]. Here it was 
established that by studying magnetizing voltage sweeps it is possible to evaluate the 
compositional and microstructure gradients referring to case-depth values deeper, even down to 
3 mm. Furthermore, it could be worth studying these same samples with some BN equipment 
similar to those used in two-peak studies. Thus the possible occurrence of double peaks could 
be detected.  
 
7.2. Calibration samples for Barkhausen noise measurements [Publications II, III, IV] 
 
The need for suitable calibration samples for grinding burn detection with BN measurements 
has emerged. Two possible methods, induction heating and laser processing, were studied, both 
of which create controlled thermal damage [II]. The sample sets consisted of hardened samples 
that were further processed by laser and induction to create a restricted tempering area where 
hardness values had been decreased and surface residual stress values had been changed 
compared to the original hardened surface. Laser processing was found to be a more suitable 
method for producing this kind of controlled thermal damage [II]. Therefore, the best laser 
processing layout, parameters and proper surface treatment for repeatable results were sought 
[III]. Laser processing has been used earlier [29, 30, 31] for creating thermal damage, but the 
studies did not concentrate on the actual laser processing itself. 
 
The laser processing outcome can be evaluated by studying the BN responses, the RS and 
surface hardness measurements and also the obtained temperature profile [II, III]. The 
temperature profile can reveal if the laser absorption has changed during processing and verify 
the outcome and repeatability of the process itself. 
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7.2.1. Laser processing of calibration samples for BN  
 
Laser parameters 
Surface temperature control of laser processing can be done by adjusting the laser parameters: 
the beam power, laser traverse rate and diameter of the laser beam [33]. In this study, the laser 
input power and laser traverse rate were varied to obtain different surface temperatures. A 
central composite experimental design (CCD) was used to provide a series of different 
parameter combinations with a small number of experiments. First the upper and lower limits 
for both varied features were determined. For example the laser input power was varied 
between 520 W and 1310 W and the traverse rates between 3 mm/s and 14 mm/s for helical 
detached teeth samples [II]. It was noticed that both of these varying features need to be 
optimized to avoid excess surface heating and re-hardening of the microstructure or 
considerable changes in the tensile residual stresses leading to the saturation of the BN signal 
[II]. Klocke and Goergels [29] found in their studies a similar phenomenon in that the BN level 
increased as a function of increasing laser power, but after a certain threshold, in this case an 
input power of 1500 W, the BN response started to decrease due to the re-hardening 
phenomena. Fig. 19 presents a framework for optimal laser processing parameters for ground 
planet gear wheel teeth with the laser direction along the tooth surface. For these particular 
samples the optimal laser power was observed to be 950-1000 W and the optimal laser traverse 
rate  for  achieving  meaningful  changes  in  the  RMS  results  was  from  5  mm/s  to  9  mm/s.  For  
these optimal laser parameters, the compressive residual stress stage was observed to have 
changed into tensile residual stress after heating of above temperature 300 °C [II]. It was 
noticed that even a surface temperature of 300-400 °C would change the RMS value 
meaningfully. Too high a temperature can cause the residual stress change to become too large 
and create a decrease in the BN signal. Thus the temperature range of 300-400 °C produced 
sufficient variation in the samples. The limits of the laser parameters were noticed to be 
different in each separate case when the surface appearance changed, e.g. the vibratory ground 
surface with a matte appearance was noticed to require lower laser input power values for 
similar surface temperatures to the ground surface [III]. 
 
The different laser traverse rates produce different heat interaction times in the heating zone, 
thus  a  longer  interaction  time  provides  an  opportunity  to  produce  more  changes  in  the  
microstructural and residual stress state than a shorter interaction time. When heating to higher 
temperatures, the residual compressive stresses relax and turn into tensile stresses. 
Simultaneously hardness decreases. Both these factors facilitate the movement of the domain 
walls under lower magnetizing values.  
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Figure 19. The chart of optimal laser parameters for a ground planet gear surface with the 
laser direction along the tooth surface. 
 
As introduced in the Methods section in Fig. 11, different laser processing layouts with different 
laser optics traverse directions were studied. The laser traverse direction along the tooth surface 
[II] produced laser marks at the halfway point of the tooth profile. The temperature profiles 
showed that laser processing in this direction in ground helical tooth samples produced an even 
temperature distribution [III]. In addition, the processed area was uniformly thick, so 
theoretically there should not be changes in the heat conduction behaviour of this laser mark 
area.  
 
The laser processing direction along the tooth profile needed more adjustment of the laser head, 
because if the laser hits the edges of the samples (the tip of the tooth or bottom of the tooth), a 
change occurred in the absorption and the surface temperature was observed to change 
[unpublished]. In addition, the curved surface may create some changes in the trajectory of the 
laser head that has an influence on the incident angle between the laser and the surface. This 
causes changes in the absorption behaviour as the Brewster angle, giving the highest local 
absorptance levels, is not always used or met [32]. For the case of the laser traverse direction 
along the tooth surface, the angle and distance of the laser head could be kept equal more 
precisely due to the geometry of the tooth.  
 
Repeatability of the laser processing 
Repeatability of laser processing is said to be good as long as the absorption of the laser beam 
by the surface is constant. It was noticed, e.g. from the temperature profiles, that changes such 
as darker grooves in the ground surface produced different absorption condition in the laser 
beam. Therefore, a surface treatment that makes the surface uniform looking and less reflective 
would be useful for reliable laser processing.  
 
Temperature measurement results 
Two methods were used to measure the surface temperature: a thermal camera and an infrared 
(IR) quotient thermometer [III]. The disadvantage for the utilization of the thermal camera is 
that the emissivity of the surface needs to be known in advance. The IR quotient thermometer 
was calibrated with a heated sample and a thermocouple. The exact determination of emissivity 
for the thermal camera was difficult [III] because the emissivity coefficient is also a function of 
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the temperature. In addition, the temperature measurements carried out with the thermal camera 
were noticed to have decreased temperature values in comparison with those obtained with the 
IR quotient thermometer [III]. This IR quotient thermometer was observed to be more suitable 
for temperature measurements in laser processing due to the easier calibration procedure and 
the fact that exact emissivity coefficient of the surface is not needed. [III] 
 
Different studied samples 
Several experimental series of laser-processed samples were manufactured and studied. In 
addition, the effect of the surface condition on laser processing was observed. The sample sets 
consisted of hardened samples that were further processed by laser processing to create a 
restricted tempering area where the hardness values had been decreased and the surface residual 
stress values had been changed compared to the original hardened surface. All other studied 
materials were steel grades used in gear manufacturing apart from powder metallurgically 
manufactured S790. Different sample geometries were studied: detached teeth from gears 
(helical gear and planet gear) and whole planet gear teeth. In addition flat hardened samples 
were studied [III]. The sample shape mainly affects the programming of the trajectory of the 
laser head optics. The sample geometry was also noticed to affect the usability of the process, 
for the laser direction from tip to root or from root to tip laser processing could be performed 
only on a whole gear if the tooth next to the processed one was removed [unpublished]. Laser 
processing was applicable for all the studied materials [III]. However, the parameters need to be 
optimized according to the sample surface and its absorption of the laser beam. 
 
The effect of surface condition to laser processing 
Laser absorption into a sample surface depends on many factors e.g. surface roughness and 
oxide  layers  [32].  One of  the  aims in  this  study was  to  find  a  suitable  surface  finish  for  laser  
processing. The optimum calibration sample is similar to the one that is normally measured, 
thus a ground surface was first used to demonstrate the laser processing method [II]. As is 
generally known, the reflectivity of metals is known to be high, meaning that little of the 
incident light is absorbed by the material [32]. As a result, some tests reducing the surface 
reflectivity with sandblasting and vibratory grinding were carried out [III].  
 
Grinding of gears results typically in a surface with an arithmetic average roughness height 
value (Ra) of about 0.8 µm. Thus, the ground surface can be considered as optically smooth to a 
Nd:YAG laser used with a wavelength of 1.06 µm [32]. In addition, the Nd:YAG laser beam 
was considered to be circularly polarized and thus the beam was symmetrical in relation to the 
optical axis. 
 
Bommi et al. [40] worked on the surface modification of steel surfaces prior to laser hardening. 
They used sand-blasted and black painted surfaces on laser hardening and noticed that the sand-
blasted surface produced a better laser processing outcome. However, their study cannot be 
compared directly with the experiments done in this work because the surface temperatures in 
hardening are much higher than in laser tempering [40].  
 
The topographies of these laser-processed surfaces were studied by FESEM and an optical 
profilometer; the images from the FESEM studies are presented in Fig. 20.  The surface 
roughness values obtained with the optical profilometer for ground, vibratory ground, mildly 
sand-blasted and roughly sand-blasted teeth pieces were: 0.8, 0.6, 1.2 and 1.6 µm, respectively. 
The ground surface was observed to have the largest surface directionality due to the grinding 
wheel marks. Sandblasting and vibratory grinding, on the other hand, produced a more random 
surface appearance with deep scratches. 
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Figure 20. FESEM micrographs of different surface treatments prior to laser processing, A) 
sandblasted, B) ground, C) mildly sandblasted and D) vibratory ground. [III] 
 
Vibratory grinding was found to create more changes (mechanical deformation) to the tooth tip 
area in the case of a whole gear. This more extensive deformation was noticed to cause an 
increased temperature in the tip area when using the laser direction along the tooth profile [II]. 
The ground surface did not exhibit similar altered temperature behaviour [II]. 
 
BN features vs. temperature 
The goal for laser processing was to produce a surface temperature that causes observable 
changes in the RMS value compared to RMS values measured in the original hardened state. 
The change in the measured values was calculated by subtracting the value prior to treatment 
from the value after the treatment. Fig. 21 presents the relationship between changes in the 
RMS value and changes in the residual stress value as a function of the treatment temperature 
for induction- and laser-heated samples [II]. The laser-processed samples were divided into two 
groups, ground planet gear and ground helical gear samples, referring to the size of the samples. 
It can be seen that the change in the RMS value increased substantially with temperatures over 
300 °C for the planet gear samples and helical gear samples. A surface temperature increase up 
to 300-400 °C for planet gear samples was enough to produce meaningful changes compared to 
the original RMS values. Thus, the laser processing parameters can be chosen in a way that the 
temperature is limited to 400 °C to produce meaningful changes.  
 
The saturation and decrease of the BN signal as a function of the RS of the helical gear samples 
can be seen in Fig. 22 a). For the helical gear samples, a residual stress change of 900 MPa from 
the pre-treatment value of -600 MPa to +300 MPa was observed to cause the BN signal to 
saturate. When heated further, rehardening occurs as seen in the decreased RMS values. A 
similar decrease and saturation of BN signal with applied high tensile stress has been found in 
other studies [74, 105]. This complicated phenomenon can be explained in many ways 
according  to  Cullity  [53].  The  main  factor  influencing  this  behaviour  is  the  fact  that  tensile  
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stress affects the magnetostrictive coefficient, making it negative and thus influencing the BN 
amplitude. Both the applied magnetic field strength and applied stress induce the 
magnetostriction to change. [53]  
 

 
 

Figure 21. The relation between the change in RMS, surface temperature and change in 
residual stress for induction samples, planet gear and helical gear laser samples as a function 
of heating temperature [II]. The residual stress saturated and rehardened samples are marked 
separately.  
 
Several parameters extracted from the BN signal can be used to characterize the magnetic 
response to changed microstructure and stress, among which the peak position, which was also 
studied in the case of laser-processed samples. The peak position value was noticed to decrease 
as a function of increasing surface temperature above 350 °C while the peak position value was 
more  or  less  constant  for  samples  heated  up  to  300  °C [II]. This constant value means that 
similar magnetizing current values can overcome the obstacles i.e. the pinning strength of the 
pinning sites in laser-processing does not change until the surface temperature of 350 °C. This 
could stand for the fact that, in this case, the dislocations are the only obstacles for domain wall 
motion and residual stress remains compressive.  
 
Moorthy et al. [70, 75] have studied the effect of tempering on the BN peak position value. In 
these studies concerning increased tempering temperature and different tempering times, the 
peak position value was found to decrease as the temperature increased. In addition, a peak 
position increase was found in over-tempered samples [55]. However, these studies [55, 70, 75] 
cannot be compared directly because laser processing produces only short heating and the 
interaction time is short so there is no time for diffusion-based changes in the microstructure to 
occur as they can with longer tempering times.  
 
Residual stress changes 
An important part of the evaluation of laser processing is the residual stress measurement from 
the sample surface. The change in residual stress was measured in two perpendicular directions, 
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namely along the tooth axis (the same measurement direction as in the BN measurements) and 
along the tooth profile. The change in residual stress was calculated by subtracting the value 
prior to treatment from the value after treatment. The residual stress values prior to laser 
processing were observed to be somewhat different in the two measured directions; the 
correlation coefficient describing the relation of two variables, was from 0.2 to 0.51 in all 
sample categories, meaning that there were notable variations in the measured RS values prior 
to the laser processing [III]. However, after laser processing, the correlation coefficient for the 
changes in residual stresses was from 0.73 to 0.98 in all the studied sample categories. This 
means that laser processing produced uniform changes in RS values in both measured 
directions. In addition, the absolute residual stress values measured after laser processing for the 
two different directions produced correlation coefficients of 0.94-0.99 depending on the sample 
category, except for samples that were laser-processed along the tooth profile, which had a 
correlation of 0.58. This low correlation indicates that laser processing along the tooth profile 
produced an uneven distribution of measured RS values in two perpendicular measurement 
directions [III]. Fig. 22 a) presents the relationship between the surface residual stress and RMS 
for planet and helical gear samples, laser-processed in the direction along the tooth profile in 
absolute values. The relationship between the residual stress and temperature is presented in 
Fig. 22 b). The relationship between RMS and residual stress is linear for both studied sample 
sets. The residual stress values increased with an increasing RMS value. In addition there was 
some more scatter in the RMS values for helical gear samples.  
 
Balart et al. [15] studied the effect of grinding temperature on the residual stresses of four 
different hardened steels. For example, for steel grade En31 the critical temperature for 
producing tensile residual stresses in the surface layer was 200 °C [15]. For the studied planet 
and helical gear samples, tensile stresses were generated in the surface layer at 300 °C for 
planet gear samples whereas helical gear samples needed a higher temperature, over 400 °C. 
This difference might be due to the different pre-treatment residual stress levels. The pre-
treatment RS values of the helical gear samples varied between -500 and -600 MPa whereas the 
planet gear samples RS values varied between -300 and -400 MPa. Also the effect of 
mechanical loading in the grinding can be one reason for the difference. In addition, the 
temperature range of the two infrared quotient thermometers changed at 400 °C.  
 

  
a) b) 

Figure 22. a) The relation in absolute values between the surface residual stress and RMS for 
planet and helical gear samples laser-processed in the direction along the tooth profile. 
[Unpublished] b) The relation between the residual stress and temperature in laser-processing 
for planet and helical gear samples laser-processed in the direction along the tooth profile. 
[Unpublished] 
 
Response surfaces were identified by mapping the results of the laser-processed planet gear 
samples for qualitative analysis as presented in Fig. 23. Modelling of residual stress changes 
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[IV] showed that the response surface of the change in residual stresses as a function of 
temperature and laser power was almost linear for the laser-processed planet gear samples. In 
addition, the quantitative analysis of the residual stresses showed that the correlation of the 
predicted and measured residual stresses is 0.956 [IV]. This means that the residual stresses 
created in laser-processing could be predicted by samples having a similar response to laser-
processing. 
 

 
a) b) 

Figure 23. a) Response surface of the change in residual stress as a function of temperature 
and laser power. [IV] b) Close up from curves at temperatures of 200 °C and 700 °C. 
 
Microstructural changes 
Scanning electron micrographs taken from six laser-processed planet gear samples are shown in 
Fig. 24. The reference sample was carburizing case-hardened and tempered steel with a surface 
hardness of 660 HV1, residual stress of -320 MPa and BN RMS of 42. The reference sample 
microstructure was verified as martensite. The temperatures from 307 °C to 416 °C produce 
structures that can be detected with RMS values of up to 83. Laser processing produces a short 
heating and cooling cycle with just 1.5-2.4 s cooling from the peak temperature to a temperature 
of 100 °C. Therefore, the changes that can be seen in the micrographs are minor and -carbides, 
which are formed in the temperature range of 100-200 °C, and are so small that they cannot be 
verified in these pictures.  
 
In general, laser processing did not produce significant changes in the microstructures shown in 
Fig. 24. The diffusion of carbon is limited to short distances with high heating rates; the 
calculated estimation of carbon diffusion in a ferrite material is only 0.2-0.5 µm at heating rates 
of 1500 °C/s to 400 °C [170]. The short and fast heating e.g. in laser processing limits the 
carbon diffusion into carbides. The changes occurring with such high heating rates in laser 
processing, 430 °C/s calculated from the laser parameters used of 760 W and 13 mm/s laser 
traverse rate, are mainly due to the recovery of the structure due to dislocation motion. 
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Figure 24. SEM-micrographs of reference sample and laser-processed planet gear samples 
with 1000 W laser input power and varying traverse rates [171]. 
 
Hardness changes 
The changes in hardness due to laser processing were studied by means of surface hardness 
measurements and cross-sectional hardness depth profiles. It was noticed that surface hardness 
values affected more than the hardness profile values [III]. With a constant laser power value, a 
smaller traverse rate produced a larger decrease in surface hardness values [III].  Correlation 
coefficients calculated for the measured RMS and surface hardness values after laser processing 
were from 0.77 to 0.94 within studied sample categories. This indicates that the RMS values 
have a good correlation with the measured surface hardness values [III]. 
 
Laser processing produces quite an intense heat distribution in the surface and the size of the 
laser beam used affects the intensity of the thermal damage. Thus, the resulting laser-produced 
hardness and residual stress profiles may be sharper than those caused by actual grinding burn.   
 
Long-time durability of laser-processed calibration blocks 
A series of periodic BN and RS measurements were performed to confirm possible long-term 
changes occurring in laser-processed samples. The BN and RS measurements were carried out 
multiple times during a longer measurement period of 6 to 12 months. Two sample categories 
were used in these studies: PM laser-processed samples and one set of helical gear teeth 
samples as shown in Table 10. The PM samples were measured first after laser processing and 
then after 6 months’ time. The helical gear samples were measured after laser processing and 
after 12 months’ time. Both of the studied categories produced a 1-2 % change in the measured 
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RMS values. This minor change may be due to normal measurement deviation. The measured 
RS changes  in  both  categories  were  larger,  from 7.5  to  11  %.  The measurement  depth  in  RS 
measurements is much smaller than in RMS measurements and therefore likely that the changes 
occur more in the surface of the specimen than in the interior structure, due to normal changes 
by time-dependent plastic deformation on a microscopic scale. 
 
Table 10. Percentage changes in RMS and RS values [unpublished]. 

Sample 
Percentage 
change in 

RMS value 

Max. Percentage 
change in RMS 

value 

Percentage 
change in RS 
values, y-dir 

Percentage 
change in RS 
values, x-dir 

AK1, 6 months 1.2 3.9 7.5 7.5 
AK2, 6 months 2.2 7.6 8 11 

Helical gear 
samples, 12 

months 
2.0 6.4 9 - 

 
Studies concerning the time dependence of the laser-processed sample BN measurements 
indicated that no major changes were observed in RMS values during a timescale of 6 or 12 
months. However, the RS measurements revealed some changes. The issue of time-dependent 
changes should be considered when determining the optimal utilization time for calibration 
samples. Temperature changes could be one contributing factor for RS changes so keeping 
calibration blocks at constant temperature may be beneficial. 
 
The usage of laser-processed calibration samples requires that the laser marks be manufactured 
in a way that the BN sensor detects the altered mark. In addition the position of the BN sensor 
does not have to be exactly in the same location, i.e. the laser mark has homogeneous properties 
for a wider area [III]. 
 
7.2.2. Induction heating of calibration samples for BN 
 
Induction heating produced a significantly increased RMS value only for samples heated up to 
600 °C [II] as shown in Fig. 21. In addition, only the highest temperature, 600 °C, produced 
changes in the BN peak position and surface residual stress values. The highest temperature 
heating was performed with a 3 s treatment time whereas the lower temperatures were treated 
with a 1 s treatment time. One problem in the induction heating was that the shorter heating 
time was too short to produce any meaningful changes [II]. The heating had occurred only in a 
thin surface layer where a temperature lacquer was used to verify the surface temperature. 
Considering these results, the induction hardening method cannot be used as such to produce 
thermal damage for BN calibration purposes as it is not well controlled and tends to cause 
microstructural changes which do not characterize practical grinding burns. 
 
7.3. Barkhausen noise and stress relationship in tempered samples [Publications V, VI] 
 
Microstructural studies of tempered samples 
Two series of samples were hardened and further tempered with different temperature-time 
combinations to modify the final microstructure and hardness. Set 1 samples, with plate test 
bars manufactured from 18CrNiMo7-6, were tempered with a temperature varying from 180 to 
350 °C with durations of 90–240 min. Set 2 samples, with plate test bars manufactured from 
RAEX400, were tempered with a temperature varying from 160-300 °C with durations of 30–
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60 min. Set 1 tempering times were notably longer than those for set 2. Fig. 25 presents SEM 
micrographs taken from set 1 tempered plate specimens.  
 

 
Figure 25. SEM micrographs from tempered 18CrNiMo7-6 samples; a) martensite tempered at 
180 °C for 90 min, b) martensite tempered at 250 °C for 120 min, c) martensite tempered at 300 
°C for 150 min and d) martensite tempered at 350 °C for 150 min. [unpublished] 
 
In total, eight different hardness levels were achieved in the tempering. The surface hardness 
variation was from 560 HV1 to 720 HV1. Fig. 25 shows some of the tempered samples. Explicit 
microstructural changes had taken place mainly in the samples where the hardness had 
decreased down to 650 HV1 or less. The microstructure in all the samples can be verified to be 
tempered martensite. The tempering promoted the change of the martensite structure into ferrite 
with carbides. As seen in Figs. 25. b), c) and d), carbon precipitation into carbides had taken 
place.  
 
The SEM micrographs for sample set 2 manufactured from RAEX400 are presented in Fig. 26. 
The tempering at 180 °C for 1 h produced only a slightly tempered martensite structure (Fig. 26 
b). In contrast, a tempering temperature of 300 °C produced a structure of tempered martensite 
(in c) and d)), where the martensite lath structure had already changed. Compared to the 
untempered sample, the microstructure in samples tempered at 300 °C had changed drastically. 
The carbon in martensite had diffused into carbide precipitates. The transformed area with 
carbide precipitates can be clearly seen in Fig. 26 b) where an arrow indicates the carbide 
region. These carbide regions may be due to compositional differences in the material. Similar 
regions were observed in all of the studied samples near the surface area. In this sample, the 
changed grain structure consisting of carbides was found to extend down to a distance of 50 µm 
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from the  sample  surface.  More  detailed  information  on  the  structure  can  be  seen  in  Fig.   27,  
taken with a higher magnification from an untempered martensite sample (Fig. 27 a), a sample 
tempered at 300 °C for 30 min (Fig. 27 b), a sample tempered at 300 °C for 30 min (Fig. 27 c) 
and a stress relief annealed sample at 630 °C for 150 min  (Fig. 27 d). As seen in Fig. 27. b) and 
c), carbon precipitation resulting in carbides had taken place. For example, in Fig. 27 d) a fine 
martensite structure with carbides arrayed in linear clusters within the matrix can be seen. In the 
stress relief annealed sample (Fig. 27 d) carbon dissolution from the martensite matrix had 
taken place to form carbides in the lath boundaries. Even though the tempering durations were 
shorter for sample set 2, the changes in the microstructure are more visible for this sample set. 
In conclusion, the martensite lath structure changed to a finer lath structure that was more 
evident in sample set 2 manufactured from RAEX400. 
 

 
Figure 26. SEM micrographs of RAEX400 sample series showing a) untempered martensite 
structure, b) martensite tempered at 180 °C for 1 h, an arrow indicating the carbide region, c) 
300 °C for 30 minutes and d) 300 °C for 1 h for RAEX400 steel. [unpublished] 
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Figure 27. Higher magnification SEM micrographs a) untempered martensite structure 
[Publication VI], b) tempered martensite at 300 °C for 30 min [unpublished], c) tempered 
martensite at 300 °C for 1 h taken 50 µm distance from the sample surface [Publication VI], d) 
stress relief annealed at 630 °C for 150 min [unpublished]. 
 
Characterization of tempered samples with BN and XRD prior to loading 
The microstructural features that affect dislocation motion also influence domain wall motion 
[53]. This means that, in general, in hard specimens the BN peak height and RMS are lower 
than in softer materials. Furthermore, in hard materials the BN peak is expected to be located at 
higher BN measurement magnetization values. The reason for this is that, in hard materials 
higher magnetization in BN measurements is required to detach the domain walls from the 
pinning sites i.e. in hard materials the pinning sites are stronger. The effect of microstructure on 
the BN phenomenon can be illustrated by studying the relationship between the surface 
hardness and the RMS value. Fig. 28 illustrates the relationship of the surface hardness and 
residual  stress  to  the  BN RMS for  both  studied  sample  sets.  Fig.  28  shows that  the  measured  
initial values of surface hardness for both sample sets, after tempering but prior to loading, have 
a linear relationship with the RMS value. The decreasing surface hardness produces increased 
RMS. Linear behaviour can also be discovered when comparing residual stresses and RMS. 
These observed relationships with BN RMS are in accordance with the literature e.g. [75]. A 
higher compressive residual stress produces smaller RMS values. The 18CrNiMo7-6 samples 
were observed to have decreased compressive residual stress values compared to the RAEX400 
samples. This can be explained by the longer tempering times used for the 18CrNiMo7-6 
samples. Additionally, other differences in the composition and in the microstructure may 
influence this. The sand-blast samples in sample set 1 had higher compressive residual stress 
values  than  the  other  bars  in  this  category,  accompanied  by  a  lower  BN  value.  It  is  worth  
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mentioning that the BN measurements were conducted with different BN sensors and different 
measurement parameters to these two sample sets. 
 
For sample set 1, the peak height value was observed to carry similar information to that of the 
RMS value for tempered plate samples prior to loading [V]. Fig. 28 shows the BN FWHM and 
peak position as a function of the surface hardness value for both studied sample sets prior to 
loading. The peak position value as a function of hardness did not show any meaningful 
changes  for  the  18CrNiMo7-6  samples.  One  explanation  for  this  might  be  that  in  this  case-
hardened material, the nature of the obstacles pinning the domain wall motion remains similar 
despite the varying hardness. The number of hindrances affecting domain wall motion, 
however,  changes  causing  an  alteration  in  the  RMS  and  peak  height  values  as  a  function  of  
hardness [V]. However, there was a decreasing linear relationship between the peak position 
and the surface hardness values for the RAEX400 samples. This relationship is inconsistent 
with literature findings [75, 172]. This RAEX400 sample set exhibited larger variation in the 
residual stress values whereas the change in the RS for the 18CrNiMo7-6 set was minimal and 
thus might be the reason why it did not affect the peak position values. For both sample series, 
the FWHM corresponding to the BN peak width was observed to be unchanged as a function of 
surface  hardness,  as  shown  in  Fig.  29.  The  FWHM  is  related  to  the  homogeneity  of  the  
distribution of hindrances and thus it can be concluded that distribution was homogeneous 
because there were no observable changes. A peak position study was made by Davut and Gür 
on tempered test bars where the peak position was noticed to shift to lower magnetic field 
values due to tempering [55]. However, the tempering between 200-300 °C did not affect the 
peak or peak position values significantly [55]. 
 

 
 

Figure 28. Surface hardness and residual stress as a function of the RMS BN value for both 
tempered sample sets. [unpublished] 
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Figure 29. BN FWHM and peak position as a function of the surface hardness value for both 
tempered sample sets. [partly unpublished] 
 
Loading of tempered samples 
 
Stepwise tensile and compressive loading 
The loading for tempered specimens was performed in tensile and compressive loading and 
bend loading. In uniaxial tensile testing for both studied sample series, the RMS of the 
Barkhausen noise increased in the loading direction under the applied tensile stress. Under 
compressive stress the BN RMS decreased in the loading direction [V, VI]. The results of the 
uniaxial stepwise loading performed simultaneously with BN measurements are presented in 
Fig. 30. It was impossible to carry out XRD RS measurements during loading and thus a 
computational value referred to as the real stress is introduced here. The real stress value takes 
into account the residual stress value of the unloaded sample and is calculated by adding it to 
the applied external stress value. Fig. 30 shows that there is a relationship between the BN RMS 
values and the real stress value for both studied sample categories. For the 18CrNiMo7-6 set of 
samples the calculated real stress values are smaller than for RAEX400 due to the differences in 
the  RS  values  prior  to  loading.  As  expected,  based  on  the  literature  [91],  the  RMS  value  
increased with increasing tensile stress. The RMS value behaved linearly as a function of real 
stress when each of the samples was studied individually. However, the overall relationship 
shows two distinct regions where the strength of the RMS vs. real stress relationship varied. 
The RMS values for the softer test bars grew exponentially with respect to the applied stress, 
whereas the RMS values for the harder test bars were linear. After tempering above 275 °C 
(RAEX400 samples S5 and S6) and above 250 °C (18CrNiMo7-6 samples Bars 4-7), a distinct 
change occurs in the stress versus measured BN behaviour. The hardness values of 680 HV1 
and 660 HV1 were  the  limits  for  the  linear  behaviour  for  18CrNiMo7-6  and  RAEX400,  
respectively. This change in the slope and increased BN RMS values clearly indicated some 
significant change in the microstructural state due to tempering. Possible carbide formation in 
the material could be one explanation. This behaviour might be due to cementite carbide 
formation above 200 °C. Below this temperature only epsilon carbides grow. Carbon from the 
martensite structure diffuses into carbides and decreases the dislocation density, leading to 
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lower residual stresses that pin the domain wall motion thus creating a higher BN signal. 
Tempering reduced the dislocation density, and also lowered the required magnetic field needed 
to overcome the obstacles [V, VI]. 
 
The RMS values for the 18CrNiMo7-6 sample set were also measured for the transverse and 
45° direction compared to the loading direction. The non-linear stress response of the softer 
samples was only observable for the loading direction [V]. 
 
BN amplitude was not saturated in the two load test bar series at the values of the applied stress 
in stepwise loading. The saturation is typically observed at higher compressive and tensile 
stresses than those used in this study [V, VI]. 
 

 
Figure 30. Calculated real stress values as a function of RMS value for stepwise loaded 
18CrNiMo7-6 and RAEX400 samples. BN measurement direction is the same as the loading 
direction. [Combined from V, VI] 
 
Fig. 31 displays the directional angle diagram of the RMS value under applied stress in 
18CrNiMo7-6 test bars 1 (710 HV1), 5 (600 HV1) and 7 (560 HV1). The diagram clearly 
indicates the anisotropical behaviour of the test bars with different hardness conditions under 
the applied compressive and tensile stress. [V].  
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Figure 31. Directional diagram of RMS under applied stress in 18CrNiMo7-6 test bars 1 (710 
HV1), 5 (600 HV1) and 7 (560 HV1) [V]. 
 
Bending 
In the bending tests loading was incrementally applied to RAEX400 samples in the purely 
elastic deformation region. During the bending, the stresses were measured by the X-ray 
diffraction method simultaneously with the loading. It is worthwhile mentioning that the BN 
method is sensitive only to residual stresses close to the surface. The measurement depth of the 
XRD  method  is  less  than  the  measurement  depth  of  BN  [163,  164].  BN  measurements  were  
also performed while the specimen was loaded to obtain information about the BN vs. stress 
relationship. The relationship of the measured RMS as a function of the measured stress by 
XRD in bending was consistent with previously reported results on the stress vs. BN behaviour 
of samples with different hardness states [97]. The steel samples with high hardness showed 
only minor loading-imposed changes in the BN root mean square values of voltage amplitude 
(RMS) values. In addition the BN signal was almost saturated in the region with the high 
compressive stress of about -800 MPa on the tensile loaded side.  
 
The results reveal the linear behaviour of the reciprocal RMS value in the measured XRD stress 
range of -800 MPa to -200 MPa, as shown in Fig. 32. For the soft bulk sample and for the stress 
relieved sample S10, the behaviour was not linear. The studies of Mierczak et al. [65] reported 
the reciprocal value of BN peak amplitude to have a linear relationship to the applied stress and 
also to the measured surface residual stress values. This phenomenon was observed by applying 
different tensile stresses to one carburized sample. Similar behaviour was also observed with 
variously ground carburized samples with different residual stresses. This phenomenon was 
explained by the BN peak amplitude vs. stress behaviour corresponding to the relationship 
between stress and the slope of the anhysteretic magnetization curve [80]. Garikepati et al. [80] 
suggested that there is a relationship between the slope of the anhysteretic magnetization curve 
and stress. Their [80] theory also suggests that the reciprocal value of the anhysteretic 
susceptibility behaves linearly with the applied stress and that the dependence is much stronger 
under tension. Furthermore, Mierczak et al. [65] proved that the reciprocal value of the BN 
peak amplitude behaves similarly to the reciprocal anhysteretic susceptibility. The trend was 
similar in terms of the applied stress and the residual stress [65]. The assumptions were that 
both of these features represent the same stage of the magnetization process corresponding to 
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the  steepest  slope.  Another  suggestion  was  that  the  rate  of  change  of  the  magnetization  was  
proportional to the BN activity.  
 
The results of the reciprocal RMS values as a function of the measured residual stress presented 
in Fig. 32, suggested that there was a linear relationship between the reciprocal RMS and the 
applied stress measured with XRD and strain gages. However, it was noticed that the strength 
of the relationship depended on the surface hardness. The harder samples with a surface 
hardness value of over 800 HV1 did  not  show a  meaningful  change in  RMS values  when the  
measured compressive residual stress decreased from -800 MPa to -550 MPa. Hardness with 
increased dislocation density in the martensite produced a strong hindrance to the moving 
domain walls. To analyse the influence of hardness, regression lines were identified for the test 
series.  Examples  of  these  regression  lines  are  given  in  Fig.  32.  As  shown  in  the  figure,  the  
harder sample series produced a steeper regression line. For the harder samples (e.g. S1 and S2) 
the slope value was from -4·10-5 to -3·10-5 1/RMS whereas for the samples with a hardness of 
650-700 HV1 the slope value was -2·10-5 1/RMS. The soft samples had slope values of -1·10-5 

1/RMS. The studies of Garikepati et al. [80] and Mierczak et al. [65] did not consider the effect 
of hardness on stress sensitivity.  
 
It is stated in the literature [91] that high dislocation density has an influence on domain wall 
mobility. Different inclusions and precipitates such as carbides also act as hindering elements to 
the domain walls. It can be expected that the size and distribution of the carbides is the major 
parameter that affects observed BN behaviour. Microstructural observations showed that 
carbides had formed in the martensite and were quite small in the studied samples as shown in 
Fig. 27 c). The changes in the RMS vs. stress relationship were thus justified by the changes in 
the microstructure. [VI] 
 

 
 

Figure 32. The reciprocal RMS values for different samples of RAEX400 series as a function of 
the measured XRD stress values in bending [VI]. 
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8. CONCLUDING REMARKS AND SUGGESTIONS FOR FUTURE 
WORK 
 
The aims of this work were to develop a methodology for the detection of the case-depths of 
hardened components with Barkhausen noise, to study the detection of grinding burns with a 
multiparameter Barkhausen noise method and to study the effect of various factors such as 
microstructural changes and different loading conditions on the Barkhausen noise signal. The 
aim was also to produce calibration samples to be used in the quality control of the Barkhausen 
noise method and to study the stress response of tempered structures. 
 
In general, non-destructive evaluation is performed to gain confidence in the structural integrity 
of components. The lack of a standardized calibration procedure for the Barkhausen noise 
method hinders the possible wider utilization of the procedure. Moreover, one important 
research area of Barkhausen noise development is the case-depth measurements of hardened 
components.  
 
1) Barkhausen noise voltage sweeps for case-depth determination 
 
The previous BN studies concerning case-depth measurements have shown that the case-depth 
can be reliably estimated down to 1 mm. Here it was established that by studying magnetizing 
voltage sweeps it is possible to evaluate the compositional and microstructural gradients 
referring to case-depth values deeper, even down to 3 mm. The ratio of two different MVS 
slopes at different frequencies was noticed to correspond well to the case-depth value of 
hardened components. The results were obtained from a broad group of samples prepared with 
different hardening methods. The tested series in this study contained only a small set of actual 
gear  teeth  samples.   The  future  challenge  for  the  utilization  of  this  method  is  to  increase  the  
accuracy and confidence of the method. For this reason, the utilization of voltage sweeps should 
be carried out for a wider variety of the actual gear components manufactured from different 
materials with varying case-depth values.  
 
2) Calibration samples for Barkhausen noise measurements 
 
Two methods were used for creating controlled thermal damage to hardened surfaces. Laser 
processing was found to create controllable changes in the surface layer whereas induction 
heating did not produce as well-defined changes in the measured parameters. With the present 
knowledge of the laser processing as a flaw manufacturing method, it is possible to produce 
thermal damage i.e. notable and controllable changes in the stress and hardness states. 
However, the appearance of the metal surface was observed to have a significant effect on the 
laser processing outcome. For future consideration the surface quality needs to be made more 
uniform by testing different surface conditions to find the most suitable one for laser 
processing. Laser processing needs to be optimised for each case individually. The detailed 
laser parameters should first be tested according to the specimen surface condition, surface 
appearance and specimen geometry. One solution to improve the laser process further is a use 
of the temperature controlled laser. In the future, this aspect should be one of the focuses of 
research. 
 
Furthermore the detailed characterization of the laser-processed samples by transmission 
electron microscope (TEM) studies would provide information about the detailed 
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microstructural changes and in addition about the changes in the dislocation structure could be 
observed. 
 
3) Barkhausen noise and stress relationship in tempered samples 
 
Interpretation of the Barkhausen noise vs. stress response has proven to be challenging. In the 
loading experiments applied to two different series of hardened and tempered samples, the 
stress  sensitivity  of  the  RMS  value  was  noticed  to  depend  on  the  surface  hardness  of  the  
specimen. The steel samples with high hardness showed only minor loading-imposed changes 
in the BN root mean square values of voltage amplitude (RMS) values due to loading. The 
RMS values for the softer test bars grew exponentially in relation to applied stress, whereas the 
RMS values for the harder test bars were linear. After tempering above 275 °C for RAEX400 
samples and above 250 °C for 18CrNiMo7-6 samples, a distinct change from linear to 
exponential behaviour occurs in the stress versus measured BN behaviour. 
 
In bending, the results of the reciprocal RMS values as a function of the measured residual 
stress suggest that there is a linear relationship between the reciprocal RMS and the applied 
stress measured with XRD and strain gages. However, it was observed that the strength of the 
relationship depends on the surface hardness.   
 
Recommendation for future work here includes the detailed microstructural characterization of 
the tempered samples. Transmission electron microscopy (TEM) studies would provide 
information about the details of the microstructural changes and in addition the dislocation 
structure changes could be observed. 
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