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products, reduce the resistivity to corrosion and surface cracks or impair machinability. Due 
to these negative effects straightening is often considered as ‘repair’. 

Thus as straightening often cannot be avoided, it has to be operated carefully so that 
influence on the material is as low as possible. Further the information on the intensity and 
distribution of residual stresses generated by the straightening process is of high interest in 
the case of safety-related components. In this study stresses are evaluated mainly by use of 
micromagnetic techniques applying a suitable calibration procedure to get information on 
absolute stress values from relative variations of the measured magnetic parameters [1],[2], 
[3]. Additionally synchrotron radiation diffraction experiments were executed to confirm 
and explain contradictory findings [4],[5].  

The results of different setting parameters of a straightening machine on 
straightness and resulting stresses were investigated in a comprehensive study by FEM 
simulations and measurements of geometry and stress. Here particularly the methodology 
and results of the stress measurements as well as their consequences for the straightening 
process will be discussed. 

1. Experimental  

1.1 Investigated Samples  

For the present investigations steel pipes with an outer diameter of 46 mm and a wall 
thickness of 4.1 mm of grade STE460 were available. The straightening process was done 
on a machine with 6 rollers that was adjusted with a ‘normal’ setting and a ‘strong’ setting 
imposing larger plastic deformation and thus generating higher residual stresses. The plastic 
deformations result in a visible helix on the surface in both cases. 

Three different pipes were used to measure the influence of the straightening. One 
pipe was unstraightened, a second was produced with the standard parameter set of the 
straightening machine while the third was straightened with the higher deformation level. 

 

1.2 Stress measurement techniques 

For the nondestructive evaluation of stresses in magnetic material several magnetic 
techniques are suitable. The Magnetic Barkhausen Noise technique (MBN) is based on the 
effect that during the magnetization process, domain walls are pinned by impurities so that 
magnetic domains can only increase their volume if the external field exceeds a certain 
value. The repeated break-free processes from pinning points result in a series of sudden 
jumps in the magnetization that can be detected with a pancake coil on the sample surface 
as the discontinuous change in magnetization generates a noise-like signal here [6]. The 
pinning energy and the de-pinning behavior is influenced by mechanical stress, so that this 
method can be used to get information on the stress state of a component [7],[8].  

The magnetization curve, usually showing a typical hysteretic behavior, is non-
linear for steel material so that a sinusoidal magnetizing current leads to the generation of 
higher harmonics in a signal proportional to the magnetization. As furthermore the shape of 
the magnetization curve and consequently the content of harmonic contributions depend on 
mechanical stress, a Harmonic Analysis (HA) of the recorded magnetization signal can be 
used for stress evaluation [9]. 

Superposition of a small high frequency magnetic field to the strong low frequency 
magnetising field can give information on the field dependence of the permeability or, if 
magnetization is turned off (eddy current configuration), on the permeability in zero field. 
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As permeability is stress dependent, it can be used in both cases by extraction of suitable 
parameters, to evaluate stresses in magnetic material [10],[11]. 

A commercial 3MA (Micromagnetic Multiparameter Microstructure and Stress 
Analysis) device from the Fraunhofer Institute for Nondestructive Testing IZFP was used 
to study the residual stresses on the surface of the pipes. In this device Magnetic 
Barkhausen noise technique is implemented along with harmonic analysis, permeability 
and eddy current [12]. During a measurement at one surface location all 4 techniques are 
applied sequentially and 41 relevant parameters are extracted and stored. Each 
measurement takes several seconds so that the complete surface of pipes could be scanned 
stepwise in a reasonable time. 

All the techniques described above, as each non-destructive technique, suffer from 
the fact that they cannot give direct information on residual stresses. Several parameters are 
influenced by stresses, but these parameters may also be dependent on the material under 
investigation and thus on several material parameters. To be able to give absolute stress 
values, a calibration in a compressive-tensile test with the same material has to be done. 

In contrast X-ray and neutron diffraction can be used to get specific information and 
absolute stress values from the surface and the bulk of the samples. The high energy X-ray 
diffraction experiments were conducted at the HEMS beamline of the Helmholtz-Zentrum 
Geesthacht, located at PETRA III at DESY, Hamburg, Germany [13]. These measurements 
take a large amount of time so that only a few locations could be investigated. 

2. Results  

2.1 Calibration Measurements of Magnetic Techniques 

Tensile testing was carried out on a sample strip cut from the pipes to obtain calibration 
functions for the parameters given by the 3MA device. Out of the 41 obtained calibration 
curves those were chosen that show good reproducibility, signal contrast and a monotonic 
behavior. The third harmonic amplitude (Fig. 1, left) was chosen from HA while the 
coercive field (Fig. 1, right) was chosen from MBN. Due to different magnetization 
frequencies, the penetration depth is about 1 mm for HA while it is about 0.05 mm for 
MBN. 

In the case of Harmonic Analysis the recorded calibration curve is flat for low 
stresses. Consequently a stress evaluation is possible only for tensile stresses larger than 
about 50 MPa. For the magnetic Barkhausen noise, the calibration curve shows two linear 
branches, so that from these data alone tension and compression cannot be distinguished. 
But as all parameters extracted from the MBN curves must fit to the measured values of the 

  

Fig. 1. Stress dependence of extracted parameters: third harmonic amplitude (left) and coercive field (right)  
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pipe under investigation, this discrimination can finally be done. These calibration curves 
were used in the following steps to associate absolute stresses to the values of HA and 
MBN data that were found on the investigated pipes. 

 

2.2 Evaluation of stresses of straightened pipes 

The outer surfaces of the pipes in the two different straightening conditions were 
investigated by pointwise measurements in an area of the whole circumference and a length 
of 200 mm. The data of 41 parameters given by the 3MA device were recorded at each 
location. The residual stresses were calculated using the calibration functions (Fig. 1).  

The results of this evaluation are plotted in a color coded 2D-plot in Fig. 2 for the 
axial stress component. Stress values obtained from harmonic analysis are shown in the top 
line and those from magnetic Barkhausen noise technique in the bottom line. The results 
from the normally straightened pipe can be found in the left row while those from the 
strongly straightened pipe are in the right row. 

The helix on the surface is clearly visible in all cases. As expected the determined 
stress values are larger in the case of the strongly straightened pipe. The minimal and 
maximal stress values are evaluated from the plots and resumed in table 1. 

Within the frame of a more comprehensive study FEM simulations of the 
straightening process considering the different setting parameters of the machine were 
done. The results of these simulations will not be discussed in detail, but results for the 
evaluated stresses are included in Table 1. 

Data in Table 1 show a quite good agreement between the evaluated maximum 
stresses from simulation and HA technique. The minimum stresses differ considerably what 
can be explained by the flat behavior of the calibration curve in the case of HA (see Fig. 1). 

  

  

Fig. 2. Absolute stress values for the axial stress component determined on the surface of a normally 
straightened pipe (left) and a strongly straightened pipe (right). Data evaluated from harmonic analysis (top) 

and magnetic Barkhausen noise technique (bottom). 
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As already discussed, only stresses larger than about 50 MPa can be evaluated reliably. In a 
typical industrial application it is important to detect and avoid large stresses, so that this 
detection limitation towards low stresses is often not a severe restriction. 

More contradictory are the results obtained from magnetic Barkhausen noise 
indicating rather compressive stresses instead of tensile. Although this effect could have 
been explained by usage of the wrong branch of the calibration curve (Fig. 1, right), it turns 
out by accounting for all the parameter data belonging to magnetic Barkhausen noise, that 
self-consistence can only be ensured by assuming compressive stresses. 

To study these findings in more detail, depth resolved investigations by measuring 
stresses by a diffraction method were done. 

 

2.3 High-Energy X-ray Diffraction investigations 

For the investigations rings of 8 mm thickness were cut from the pipes by electrical 
discharge machining. Additionally to the normally and strongly straightened pipes, a ring 
from an unstraightened pipe was used. The rings were investigated at two points, which 
showed the largest difference in the magnetic surface plots (Fig. 3). These locations are 
approximately half a circumference apart. 

To investigate the real residual stress values in the wall thickness of the pipes, high-
energy X-ray diffraction at the HZG beamline HEMS of PETRA III (DESY) were used. 
The X-ray beam had a cross-section of 0.05 mm x 0.2 mm and the measurements were 
conducted in transmission (integrating over the whole ring width of 8 mm) at a photon 
energy of 87.1 keV. A scan line from the outer to the inner surface of the ring was 
measured in 0.05 mm steps (Fig. 3).  

The setup allowed measuring tangential and radial stresses while axial stresses were 
relieved by the cutting process. The evaluated radial and tangential stress components for 
the cases of normally, strongly and unstraightened pipes are plotted in Fig. 4. 

The results show that the straightening process has only a small influence on the 
radial residual stress distribution. It was found that the radial residual stress is about zero 
through the wall thickness in the unstraightend and normally straightened ring, while the 

• Table 1. Maximum and minimum stresses determined by different techniques  

Stresses determined ...      normally straightened      strongly straightened 

… from Harmonic Analysis 
… from Barkhausen noise 
… from FEM simulation 

 95 MPa  –  125 MPa 
-45 MPa  –   -20 MPa 
-10 MPa  –  140 MPa 

110 MPa  –  160 MPa 
 -45 MPa  –   -15 MPa 
  20 MPa  –  200 MPa 

 

  

Fig. 3. Measurement configuration (left) and positions of chosen investigated locations (right). 
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strongly straightened ring shows small compressive stresses in the outer part. (Fig. 4). The 
radial stresses at the surface are close to zero as expected.  

The tangential stress component shows a wide maximum at a depth of about 1 mm 
below the outer surface. Towards the surface these stresses decrease in all cases and may 
even become compressive.  

As a matter of fact the axial stress component that was analyzed above by the 
electromagnetic techniques could not be investigated here, but it is expected that the stress 
profile exhibits a similar behavior as the tangential stress component. FEM simulations 
indicate this correspondence so that it can be used to explain the different behavior of HA 
and MBN results. 

In this condition the findings of the stress profiles are in very good agreement with 
the results from the electromagnetic techniques and FEM simulations listed in Table 1. 
From magnetic Barkhausen noise, with a penetration depth of about 0.05 mm, we find 
compressive or low tensile stresses, whereas from harmonic analysis, with a penetration 
depth of about 1 mm, (and similarly for FEM as a low resolution in radial direction had to 
be chosen) high tensile stresses were found. Even the evaluated absolute stress levels agree 
well. 

 

3. Conclusion 

Residual stresses in straightened steel pipes were investigated with magnetic NDE methods. 
Tensile testing was used for calibrating the magnetic methods to determine absolute stress 
values. A significant difference between results from magnetic Barkhausen noise and 
harmonic analysis was found giving strong tensile and low compressive stresses in 
comparison of both techniques. 

  

  

Fig. 4. Absolute stress values determined by high energy X-ray diffraction an unstraightened, a normally 

straightened, and a strongly straightened ring at 2 locations. 
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High-energy X-ray diffraction allowing depth resolved measurements was used to 
further investigate the findings from the magnetic technique. The stress profiles show a 
tensile stress maximum at a surface distance of about 1 mm corresponding to the 
penetration depth of the harmonic analysis technique and a decrease even to compressive 
stress values for lower penetration depths that are representative for the magnetic 
Barkhausen noise technique. Thus the contradictory results could be explained. 

As the electromagnetic techniques investigated gave reasonable surface stress 
values in comparison to those obtained by high energy X-ray diffraction, it is concluded 
that they are, in connection with a proper calibration, a useful NDE tool for the detection of 
critical residual stresses during the industrial production process. 
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