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Abstract. Reducing the weight of aircraft and helicopters is a common way to reduce 
fuel consumption and achieve greener operations. Nowadays, hydraulic actuators are 
used to move the control surfaces that are responsible for commanding the flight. 
Hydraulic systems have a considerable weight and therefore one of the major 
challenges in the aeronautic sector is to substitute these actuators with lighter 
electrical actuators. However, electrical actuators must be highly reliable and able to 
work under severe conditions. In this respect, electro-mechanical actuators (EMA) 
represent the next generation of actuation systems for commercial aircraft and aero 
engines.  
 EMAs are equipped with a motor, a ball/roller screw and the control electronics. 
Actuators are safety-critical components of an aerospace system and an undetected 
failure can lead to serious consequences. Therefore, the quality of these ball screws 
has to be controlled and certified with the most advanced non-destructive techniques. 
In this context, the present work presents magnetic Barkhausen noise analysis (BNA) 
as a non-destructive technique for controlling the quality of ball screws, thereby 
ensuring the induction hardened layer has formed properly and detecting the local 
overheating regions, known as grinding burns, which may have occurred during the 
grinding process. 
 With the aim of analysing the sensitivity of the BNA, several induction 
hardening treatments were applied to produce samples with different profiles and 
hardened layer depths. Moreover, grinding conditions were varied to obtain grinding 
burns of different intensities. Magnetic Barkhausen noise measurements were taken 
with a system designed and implemented by the authors, and the derived parameters 
were compared with microhardness measurements made at various depths after the 
different induction hardening and grinding processes. 
 The results show that various parameters derived from the magnetic Barkhausen 
noise envelope can be used to identify both the different layer depths after induction 
hardening and the decrease in hardness produced by the grinding burns in such a way 
that a set of thresholds can be used to determine and assure the quality of the hardened 
layer and the grinding process of the ball screws. 
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1. Introduction 

Components subject to cyclic loads and in contact with other parts can fail below their 
fracture stress due to the fatigue effect. The number of cycles that a component can bear 
before it breaks due to fatigue is related to residual stresses and the hardness profile of the 
part’s surface. If tensile residual stresses are present in the surface or if the surface has an 
undesired hardness, the number of cycles before failure may decrease [1]. Therefore, the 
control of these properties is crucial in these parts, especially when they are used at critical 
points of costly structures or their failure can cause human losses. 

1.1. Control of grinding and surface heat treatment 

In this study, ball screw shafts used in the aeronautical sector are analysed. In order to reduce 
wear and improve the fatigue life of the components, during manufacture the surface layer 
of the material is subjected to an induction hardening treatment and then the ball screw shafts 
are ground to attain the final dimensions. The depth of the hardened layer is very critical; if 
it is too small the ball screw shaft wears out too soon, and if it is too big the part becomes too 
brittle. Either case leads to premature failure. Moreover, during grinding a non-desired local 
increase in temperature can produce what is known as grinding burn. Depending on the 
temperature reached during grinding, the result can be a relative increase in the tensile 
residual stresses, a decrease in surface hardness, or a rehardening of the surface. Any of these 
effects can lead to a reduction in the service life of the part [2]. It is therefore necessary to 
control both the grinding of the workpiece and the surface hardening treatment in all ball 
screw shafts manufactured. These two characteristics must be controlled for 100% of 
production, and so a non-destructive testing technique must be used. Magnetic Barkhausen 
noise (MBN) was selected due to its high sensitivity to changes in hardness and residual 
stresses on the surface of ferromagnetic parts. 

 1.2. Magnetic Barkhausen noise 

MBN is an electromagnetic technique that consists of studying the signal produced by the 
movement of the magnetic domain walls in ferromagnetic materials when a time-varying 
magnetic field is applied. The movement of the domain walls can be related to the 
microstructure of the material and also to mechanical properties such as hardness and residual 
stresses [3,4,5,6]. This technique is especially useful for the characterization of these 
properties in surface regions that are between a few tens of microns and a few millimetres. 
Tensile stresses induce an increase in the amplitude of the MBN, while compressive stresses 
decrease it [5,7]. In general terms, a decrease in hardness increases the MBN signal amplitude 
and shifts the peak position of the envelope of the MBN to lower levels of the applied field, 
while an increase in hardness decreases the peak amplitude and moves the position of the 
peak towards higher levels of the applied field [3,8]. 

Due to these characteristics, it has been observed that the MBN signal can be 
successfully used to detect grinding burns and to identify the level of intensity [3,5,9]. The 
possibility of establishing a rejection limit based on this amplitude has also been reported. At 
the same time, studies have also investigated how the MBN signal could provide information 
about the depth of the hardened layer. If the parts are comprised by two different phases with 
different mechanical properties and microstructural features, the MBN signal’s envelope can 
present a shape with two peaks. Each of these peaks can provide information about each of 
the phases, and therefore studying the various parameters of these two peaks can yield 
information about the hard layer depth [3,8]. In order to understand and predict the surface’s 
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case depth, it is necessary to take into account the attenuation suffered by the MBN 
envelope’s peaks and the applied magnetic field that crosses ferromagnetic materials. 

1.3. Attenuation of the MBN signal and applied magnetic field 

The MBN that crosses a ferromagnetic material is attenuated mainly due to eddy current 
damping [6,8,10,11]. As a consequence, the amplitude of the MBN is governed by the 
following equation: 

δxMBNxMBN −= exp)( 0 , (1) 
where MBN0 is the amplitude of the MBN signal at its origin, x is the distance to the surface 
from the origin of the signal, MBN(x) is the value of the MBN coming from distance x from 
the surface, and δ is the skin depth of the MBN signal calculated as:  

 
fπσµ

δ 1
=

, 
(2) 

where σ is the conductivity of the material, µ is the permeability of the material and f is the 
frequency of the MBN signal emitted. Therefore, if the same kind of material is located at 
two different depths from the surface, the signal that comes from the material located at the 
bigger depths will be of a smaller amplitude when received at the sensor located at the 
surface. 

The applied magnetic field is attenuated not only by eddy current damping but also 
by magnetic viscosity and demagnetization [11,12]. Due to the many effects present there is 
no equation that models this attenuation, but it is known that the deeper the magnetic field 
penetrates, the more attenuated it will be. Hence, following the same reasoning as in MBN 
attenuation, in order to apply a certain magnetic field value to the material at a bigger depth 
it is necessary to apply a higher magnetic field to the surface than for the same material at a 
smaller depth.  

1.4. Objective of the study 

In the present work a multiparametric study of the MBN signal is carried out in order to 
characterize the case depth and detect possible grinding burns with a single MBN 
measurement. 

2. Experimental procedure 

In order to study the sensitivity of the MBN technique in characterizing the hardened layer 
and grinding burns, two groups of ball screw shafts of 10 mm in diameter and with a threaded 
length of 60 mm were machined and their surfaces were heat treated with two different 
induction hardening treatments (TA and TB). Then, some of them were ground under normal 
conditions (OK) and for others the grinding conditions were changed in order to artificially 
generate grinding burns (NOT OK). The feed speed, the grinding depth and the amount of 
oil used as a coolant were modified. Table 1 details the heat treatments and the grinding 
processes applied to a selection of ball screw shafts.  

MBN measurements were performed using a system built in the laboratories of the 
Ceit research centre in collaboration with the company Korta S.A. The excitations were 
produced with a programmable function generator, a power amplifier and an electromagnetic 
yoke made of a ferromagnetic U core and a winding designed specifically for the geometry 
of the screw shaft. The set up used low frequency magnetization whose amplitude was large  
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Table 1. Ball screw shafts analysed. 
Screw shaft Induction hardening Grinding 

TA S1 TA OK 
TA S2 TA OK 
TB S1 TB OK 
TB S2 TB OK 
TA S3 TA NOT OK 
TA S4 TA NOT OK 
TB S3 TB NOT OK 

 
enough to generate an MBN signal from the hard material of the surface. The induced 
electromotive force (EMF) signal was measured with a pick up coil placed above the surface 
of the sample. After filtering out the low frequencies, the MBN signal was obtained and its 
envelope was calculated by moving root mean square. The tangential magnetic field (Ht) at 
the surface of the ball screw shaft was measured by a Honeywell SS495A1 solid state Hall 
effect sensor placed above the sample surface. The MBN envelope and the Ht signals were 
stored in a PC, where they were later processed.  

After taking the MBN measurements, Vickers microhardness measurements were 
taken for all the samples. They were performed with a load of 1 kg in a shallow depth of 150 
μm in order to characterize the surface, and at greater depths they were taken every 200 μm 
in order to characterize the hardened layer and the case depth. Then the equivalent 
approximate HRC (Rockwell hardness C scale) were calculated according to the ASTM-
E140 [13] standard; these hardnesses are the ones shown in the present paper. 

After carrying out the first characterization analysis in the laboratory at Ceit, 
systematic measurements were carried out on a batch production at the manufacturing plant 
at Korta S.A., in order to validate the analysis of the system and the inspection procedure. 

3. Results and Discussion 

3.1. Microhardness measurements 

For the sake of clarity, the Vickers microhardness measurement data are presented first, even 
though they were taken after the MBN measurements were performed. The hardness profiles 
obtained in the most representative ball screw shafts are shown in Fig. 1. The ball screw 
shafts ground under normal conditions (OK) present a hardness between HRC 58–HRC 61 
for the surface (at 150 µm from the surface), while in burnt shafts the hardness profiles are 
quite varied: TA S4 has a surface hardness of HRC 59, the hardness of TB S3 is slightly 
smaller than HRC 58, and TA S3 has a hardness of HRC 54. 
 

 
Fig. 1. Representative hardness profiles for the ball screw shafts studied. Only one profile representative of 

the ball screw shafts ground in normal conditions (OK) of heat treatments TA and TB presented in Table 1 are 
shown. 
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It can also be seen in Fig. 1 that the ball screw shafts from heat treatment TA, 
regardless of whether they have been burnt or not, present a case depth (hardened layer) of 
about 1200 µm, following the ANSI /AGMA 2004-B89 [14] standard (the depth at which the 
hardness falls below HRC 48). For the ball screw shafts from heat treatment TB, in contrast, 
the depth of the layer is of about 600 µm, and for ball screw shaft TB S3, which has grinding 
burn, the depth of the layer is slightly smaller than 500 microns. All the depths of the 
hardened layers shown here are within the ranges required by the customer.  

3.2. Case depth characterization 

Fig. 2 shows the MBN envelope as a function of the tangential magnetic field (Ht) at the 
surface of the normally ground screw shafts. It can be seen that the envelope of the MBN 
signal shows two distinct peaks. The first peak provides information of the softer core 
material, while the second peak gives information about the surface material, which is harder 
after the induction hardening treatment [3,8].  

To study the depth of the layer in the screw shafts from the batch production, it is 
necessary to measure and parameterize the envelopes of the MBN signal throughout the 
useful length of the thread. The parameters used in this case are the amplitudes of the two 
peaks (P1 and P2) and the value of the applied field at the positions where the peaks (H1 and 
H2) are produced. Each measurement point shown in the following figures as a function of 
the useful length of the thread is obtained as a result of averaging 12 measurements of the 
MBN envelopes. 

In Fig. 3a) the amplitude of the first peak (P1) obtained throughout the useful length 
of the thread is presented. Note that higher values of P1 are obtained for the screw shafts 
from heat treatment TB, which can be explained by considering that in these screw shafts the 
core is closer (Fig. 1) to the surface than the core in heat treatment TA, meaning that the 
attenuation due to the eddy current damping undergone by the MBN signal emitted from the 
core of the TB condition is smaller, as it crosses through less thickness of material to reach 
the sensor [8,10]. 

The position of the first peak (H1) is shown in Fig. 3b). It can be seen that the screw 
shafts from heat treatment TA require higher values of applied field, H1, which may be 
explained by the deeper layer of this treatment (Fig. 1). As the applied magnetic field is 
attenuated when it penetrates through the ferromagnetic material [11], if the core is at a 
greater distance from the surface, it is necessary to apply higher values of the magnetic field 
to the surface in order to achieve the levels of magnetic field that are necessary to generate 
the peak of the envelope coming from the core material. 

In Fig. 3c) the amplitude of the second peak (P2) is shown. Higher values of P2 are 
obtained for screw shafts from heat treatment TB. The higher value of P2 obtained in heat 
treatment TB can be explained by the fact that the result of heat treatment TB is softer 
globally (lower surface hardness and less depth in the hardened layer), and in cases where  
 

 
Fig. 2. MBN envelope signal as a function of the tangential magnetic field (Ht) measured on the surface 

of a representative point of screw shafts machined under normal conditions. 
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a)  b)  

c)  d)  
Fig. 3. Values of parameters a) P1, b) H1, c) P2 and d) H2 throughout the useful length of the thread in the 

screw shafts machined under normal conditions. 

 
the hardness is reduced, the MBN peak amplitude increases [5]. The position of the second 
peak (H2) is presented in Fig. 3d), which gives similar values independently of the heat 
treatment analysed. 

The combined analysis of these parameters provides information on the depth and 
characteristics of the hardened layer, making it possible to certify the quality of the heat 
treatment via the MBN technique. 

3.3. Grinding burn characterization 

In Fig. 4a) and Fig. 4b) the envelope representative of the MBN signal as a function of 
tangential magnetic field (Ht) measured at one point on the surface of the screw thread for 
the normal ground and grinding burnt samples are shown for the TA and TB heat treatments. 
Note that regardless of the heat treatment, the position of the second peak (H2) of the screw 
shafts with grinding burn moves towards lower values of the applied field. Even in the 
samples that have undergone more severe burning (TA S3, see Fig. 1) a single peak shape 
appears. This peak results from the merging of peak 1 and 2 due to the displacement to the 
lower fields of peak 2 as a consequence of the reduction of surface hardness. In these cases  
 

a)  b)  
Fig. 4. Envelope of the MBN signal as a function of the tangential magnetic field (Ht) measured on the 

surface of a representative point of the screw shafts ground in normal conditions and burnt for heat treatments 
a) TA and b) TB. 
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the single peak is used as peak 2 by the algorithm in order to better identify the grinding 
burns. However, there is no direct relationship between the intensity of the grinding burn and 
the amplitudes of the peaks or the position of the first peak. Hence, the H2 parameter is used 
to separate the screw shafts with grinding burns from those machined under normal 
conditions. 

The H2 parameter obtained from the working length of the thread for all screw shafts 
is shown in Fig. 5. For normal grinding conditions, it is not influenced by the different heat 
treatments, and for the screw shafts that have suffered grinding burns it moves to lower values 
of the applied field. Therefore, by selecting the correct control thresholds for this parameter, 
the properly machined screws can be distinguished from the screws that have grinding burn. 
 

 
Fig. 5. Evolution of H2 parameter along the length of the useful thread in normal conditions and burnt screw 

shafts. 

3.4. Measurements in plant: Detection of defects in production 

Once the calibration and automation of the system were implemented, measurements were 
taken in order to certify all screw shafts manufactured by Korta S.A. An example of a screw 
shaft with a grinding defect detected during production is shown in Fig. 6, together with 20 
representative values of H2 from two production batches of 50 units each coming from two 
different heat treatments. The H2 values for one of the production screw shafts (“TB Grinding 
burn”) presented values significantly lower than the threshold values established. To verify 
that the screw shaft had suffered a grinding burn, its microhardness was measured and it was 
found that indeed the surface hardness was below HRC 58. 

   
Fig. 6. H2 values throughout the useful length of 20 screw shafts from two production batches of 50 units, 
each coming from two different heat treatments (TA and TB). Threshold values selected to detect grinding 

burns are shown in grey. 

4. CONCLUSIONS 

The present work reports a unique method of measurement to analyse and estimate the depth 
of the induction hardened layer and to assure that the part has not undergone a grinding burn. 
It has been shown that a multiparametric study of the MBN signal envelope could be used to 
check whether two screw shafts have the same thickness of the hardened layer. This makes 
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it possible to implement a non-destructive quality control system that ensures that 100% of 
the screw shafts have the necessary hard surface layer and avoids the need for carrying out 
costly selective destructive tests. 

Additionally, with only one of the parameters derived from the envelope of the MBN, 
namely the position of the second peak, H2, it was possible to distinguish whether a screw 
shaft had suffered a grinding burn independently of the depth of the hard surface layer, which 
was demonstrated in measurements taken for several production batches made in plant. 

Therefore, by taking a single measurement of the MBN and combining both analysis 
methods, it is possible to detect whether a hardening or a grinding defect has occurred in any 
region of the screw shaft.  
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