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Abstract
This work deals with the analysis of the influence of different microstructural effects on non-destructive micromagnetic
testing using magnetic Barkhausen noise (MBN) analysis, during flow forming of austenitic steel 304L tubes. This is
necessary for the implementation of non-destructive MBN testing within the model of a soft sensor for closed-loop control
systems. A characterization of the specimens was carried out by means of α'-martensite measurements, hardness tests,
residual stresses and surface roughness. The aim is to establish the influence of the different microstructural effects on the
measured MBN parameter, the maximum MBN amplitude Mmax. The strain-induced hardening, evolution of residual
stresses and phase transformation during plastic deformation have a direct influence in the development of the Mmax parameter. However, a lower surface roughness triggers a mitigating effect on the MBN signals. This information is valuable
to define the operation window of the sensor within the material modeling for property control.
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1. Introduction
The implementation of control engineering within metal forming processes has gained recently relevance in the production of high quality components with optimized properties in industries like automotive and aeronautics. Metastable austenitic stainless steels have been used in these applications
thanks to their high strength, corrosion resistance and good formability. During plastic deformation of
these steels, strain-induced phase transformation of non-magnetic austenite into ferromagnetic α'-martensite occurs [1]. This phase transformation can be measured by means of the change of magnetic
properties using the non-destructive magnetic Barkhausen noise (MBN) effect [2,3]. Non-destructive
testing plays a key role in the implementation of control engineering in production systems, since the
measured parameters can be used as control variables of the closed-loop control systems.
In this work, non-destructive testing, specifically MBN analysis, has been used to monitor the strain
hardening and phase transformation during flow forming of austenitic steel AISI 304L. This entails
the formulation of correlations between the measured MBN parameters and different microstructural
phenomena that occur during manufacturing processes. Many studies describe correlations between
MBN testing and hardening [4], residual stresses [5], surface condition [6,7] and phase transformation
[2,8], that occur during plastic deformation of steels. Since the MBN measurements contain the effects

of the mentioned phenomena, the identification of their influence is crucial to model the material behaviour. The focus of this work is the assessment of the influence of those factors on the measured
MBN signals on flow formed components. This is helpful to define the operation window of the micromagnetic sensor in the frame of the soft sensor design for closed-loop property control.

2. Materials and Methods
2.1. Specimens
The specimens were manufactured using seamless tubes made of stainless steel AISI 304L
(X2CrNi18-9, 1.4307) with 80 mm outer diameter and 4 mm wall thickness. The production was carried out by means of the flow forming machine BD 40 (Bohner & Koehle GmbH & Co. KG, Esslingen,
Germany) (Figure 1a) at the LUF. The specimens were manufactured at room temperature, with a
rotation speed of s = 30 rpm and using feed rates between f = 6 and 60 mm/min. The focus will be on
the specimens produced with feed rates of 6 mm/min (specimen 1) and 60 mm/min (specimen 2). The
flow forming operation was performed using three rollers to reduce the wall thickness of the tubes.
The initial 4 mm wall thickness was reduced by 1 mm in each flow forming step. Starting from the
initial condition “IC” (metastable austenite), different forming operations were performed to produce
three forming zones (FZ 1, 2 and 3) (Figure 1b). Each forming zone corresponds to a plastic deformation state with a defined amount of strain-induced α'-martensite. The final workpieces manufactured
during the production process are shown in Figure 1c.
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Figure 1. Specimen manufacture: (a) Flow forming machine; (b) geometry and dimensions (in mm),
(c) final workpieces.

2.2. Measurements of surface roughness and microscopic inspection of the surface condition
The roughness of the initial condition and the different forming zones of the specimens 1 and 2 were
measured by means of the tactile device MarSurf M300 (Mahr GmbH, Goettingen, Germany) (Figure 2a). The values of the arithmetic mean roughness (Ra) and the mean peak-to-valley height (Rz) of
the outer surface of the specimens were measured. The data was obtained locating the probe tip normal
to the curved outer surface of the specimens, using the corresponding prisms (Figure 2a).
In order to obtain graphical information of the surface condition, an inspection was performed using
the digital microscope Keyence VHX-500F (Keyence Corp., Osaka, Japan) (Figure 2b).
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Figure 2. (a) Roughness measurements with the MarSurf M300 and (b) microscopic inspection
of the surface with the Keyence VHX-500F.

2.3. Analysis of residual stress by means of X-ray diffraction (XRD)
The residual stresses were determined by means of the analysis of X-ray diffraction of the outer surface
of the specimens. The measurements were carried out using the X-ray diffractor Bruker D8 Discover
(Bruker Corp., Billerica, Massachusetts, USA) with a 1 mm collimator. The analysis of residual
stresses for the austenitic phase (IC) was performed at 2θ = 95.989 °, which corresponds to the Miller
index {h k l} = {2 2 2}. Similarly, the analyses of the martensitic phase (FZ1 to 3) were carried out at
2θ = 82.329 ° in the plane {h k l} = {2 1 1}. The data to perform X-ray diffraction analyses regarding
the mentioned 2θ angles were extracted from the report by Eigenmann et al. [9].
2.4. Measurements of α’-martensite content
Measurements of the α’-martensite content close to the outer surface of the tubes were carried out by
means of the Feritscope FMP30 (Helmut Fischer GmbH, Sindelfingen, Germany). This device works
under the magneto-inductive principle to measure the ferritic phase content. By means of the correlations developed by Talonen et al., 2004, the α'-martensite contents can be determined from the ferritic
phase measurements [8]. However, these measurements cannot be used in closed-loop control systems,
because the online acquisition and transmission of the data is not possible during the production process. For this reason, the use of micromagnetic testing is a convenient alternative as soft sensor for the
property control.
2.5. Micromagnetic testing by means of the 3MA-II system
Micromagnetic analyses are based on the behavior of ferromagnetic materials, such as metastable austenitic steel AISI 304L. In ferromagnetic materials, the magnetic induction B, triggered by a magnetic
field H, can be described by means of the magnetization hysteresis (Figure 3a). These materials are
divided by means of Bloch walls in spontaneously magnetized regions, called magnetic domains. During magnetization and demagnetization of the material, the walls move in response to the applied field.
This motion is jerky and discontinuous, producing the Barkhausen effect, that can be evidenced in the
magnetization hysteresis at high scale. This effect is influenced by the interaction of the walls with
lattice defects, dislocations, phase changes, grain boundaries and residual stresses. This way, from the

magnetic Barkhausen noise (MBN) curve (Figure 3a), the maximum amplitude of the MBN profile
(Mmax) is the parameter of interest [10–12].
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Figure 3. Micromagnetic testing: (a) Hysteresis loop and MBN profile; (b) 3MA-II system device
and flow-formed specimen.

In this work, the micromagnetic measurements were carried out using the 3MA-II system (Fraunhofer
IZFP, Saarbruecken, Germany), with the sensor SN18201 in contact with the outer surface of the specimens (Figure 3b).

3. Results and Discussions
3.1. Surface condition inspection and roughness measurements
An inspection of the surface of both specimens were performed with the digital microscope Keyence
VHX-500F. The results reported in Figure 4 correspond to the forming zone 2 (FZ2) of both specimens. The upper pictures correspond to a 30x magnification and the lower to 100x. No remarkable
difference of the surface condition was evidenced on the different forming zones of the same specimen.
A qualitative analysis of the results evidences a higher degree of surface damage in the specimen
produced with a feed rate f = 60 mm/min (specimen 2). For a constant rotation speed s = 30 rpm of the
workpiece, the higher the feed rate of the roller tools, the lower the contact time with the outer surface
of the specimen. This entails a less uniform plastic deformation evidenced in lower surface quality.
A quantitative validation of this inspection was carried out by means of roughness measurements. The
results for specimens 1 and 2 and their respective forming zones are summarized in Table 1. The
measurements were performed as described in section 2.2 using the tactile device MarSurf M300. The
roughness values of the initial condition in both specimens are similar, with values around
Ra = 1.33 µm. The mean roughness values of the specimens produced with 6 mm/min (specimen 1)
are 90% lower than those for specimens produced with 60 mm/min (specimen 2). Since the rotation
speed remains constant, the contact time between the roller tools and the workpieces is higher at lower
feed rates, as a result the plastic deformation is more uniform.

The roughness values of the different forming zones (FZ1 to FZ3) within the same specimen show a
decreasing behaviour. A higher number of overruns is required to achieve FZ3 compared to FZ1. This
entails a higher contact time between the roller tools and the workpiece, therefore a more uniform
plastic deformation is evidenced in zones with higher number of overruns. An analysis of the data for
specimen 2 shows that the best roughness value (in FZ3) is higher than the roughness of the initial
condition, which is undesired concerning the surface quality of the components. This allows the definition of process windows regarding the parameters for production of optimized components.
Specimen 1
f = 6 mm/min

Specimen 2
f = 60 mm/min

Figure 4. Microscopic investigation of the surface condition of specimens produced using different feed rates.
Table 1. Results of surface roughness measurements for the different forming zones of specimens
produced with two different feed rates
Specimen
Specimen 1
f = 6 mm/min

Specimen 2
f = 60 mm/min

Forming
zone
IC
FZ1
FZ2
FZ3
IC
FZ1
FZ2
FZ3

Surface roughness
Arithmetic mean
Mean peak-to-valley
roughness, Ra [µm]
height, Rz [µm]
1.33
10.03
0.321
2.599
0.343
3.318
0.249
1.718
1.38
10.5
3.47
13.63
2.449
11.76
1.961
8.555

The values of surface roughness of both specimens on the different forming zones were plotted in
Figure 5 to identify their influence in the non-destructive testing by means of the micromagnetic analysis.

3.2. Residual stresses
The residual stresses of the outer surface of the flow formed specimens were measured according to
the specifications described in section 2.3. The results (Table 2) show that the workpieces have compressive residual stresses in the initial condition and the different forming zones. At the initial condition the measured residual stresses were around -547.5 MPa. The plastic deformation in both specimens causes an increment of the residual stresses, reaching a maximum about -220 MPa. The successive plastic deformation on FZ 2 and 3, increases the compressive residual stresses to obtain values
-374.3 MPa for specimen 1 and -326.4 MPa for specimen 2. It is well known that compressive residual
stresses induced by means of manufacturing processes like turning and in this case metal forming,
increase fatigue life, corrosion and wear resistance [13]. This entails a positive effect of the flow forming of tubes for their final uses.
Table 2. Results of residual stresses for the different forming zones of specimens produced with two different feed rates
Specimen
Specimen 1
f = 6 mm/min

Specimen 2
f = 60 mm/min

Forming
zone
IC
FZ1
FZ2
FZ3
IC
FZ1
FZ2
FZ3

Residual stress,
RS [MPa]
-547.5
-229.8
-365.1
-374.3
-547.5
-220.1
-285
-326.4

The values of residual stresses were plotted in Figure 5 to analyse their effect in the non-destructive
micromagnetic testing.
3.3. Separation of effects during non-destructive testing by means of micromagnetic analysis
Figure 5 shows the correlation of the non-destructive micromagnetic testing by means of the magnetic
Barkhausen noise (MBN) analysis with other characterization techniques. The graphics show the evolution of different microstructural phenomena that occur during flow forming of austenitic stainless
steel 304L. The strain-induced phase transformation during plastic deformation is shown by means of
the α'-martensite content. The microstructural mechanisms of phase transformation during flow forming were discussed by the authors in [14]. The higher the thickness reduction, the higher the α'-martensite volume. The strain-induced hardening is well correlated with the phase transformation. Likewise, the maximum amplitude of the MBN profile (Mmax) grows consequently with the evolution of
α'-martensite volume and the hardness, as it was evidenced in previous investigations [2,15]. This
parameter is even sensible to the saturation at the final states of deformation (FZ2 and 3) for the specimen 1, as can be evidenced in the plateau of the curves.
A comparison of the α'-martensite volume and the hardness in both specimens leads to the conclusion
that specimens produced with lower feed rates, undergo a faster saturation and higher values of α'-

martensite. This is related to the discussion on section 3.1 regarding the uniformity of plastic deformation depending on the feed rate parameter. As discussed in section 2.5, the MBN analysis contains
a mixture of different microstructural effects that occur during plastic deformation like phase transformation, grain boundaries, residual stresses and surface damage, evaluated here by means of surface
roughness. The transition from the non-magnetic austenite to the ferromagnetic martensitic phase is
the predominant effect influencing the growth of Mmax with the deformation. This phase transformation
entails a microstructural change in the grain size, which increases the amount of grain boundaries and
consequently the number of pinning sites of the magnetic domains [2,10]. For this reason, higher MBN
values correspond to higher deformation states, according to the references [16,17]. As it was described
in section 3.2, the compressive residual stresses in the martensitic phase (FZ1 to 3) increase with the
deformation. This entails an increment of Mmax, which is consistent with previous investigations [5,18].

Figure 5. Results of the correlations between non-destructive testing by means of MBN and
microstructural phenomena like hardening, residual stresses and roughness, during plastic deformation
of austenitic steel AISI 304L.

However, one controversial aspect arises from the fact that the Mmax curve of the specimen 1 develops
below to the corresponding curve of the specimen 2. Despite higher α'-martensite content in specimen 1 in all deformed states (FZ1 to FZ3), the measured Mmax parameter is always higher for the
specimen 2. An analysis of the data in Figure 5 allows to conclude that the good surface condition of
specimen 1 after plastic deformation has an attenuating effect on the micromagnetic measurements
performed with 3MA-II System. This result is consistent with previous studies that prove the suitability
of the non-destructive micromagnetic testing to characterize wear and surface damage. In those investigations the more wear the surfaces have, the higher the measured Mmax values [6,19].
This information is valuable to define the operation window of the micromagnetic sensor for property
control. The soft sensor model to define the α'-martensite content in terms of the variable Mmax, should
consider the remarkable influence of the surface condition of the workpieces on the micromagnetic
measurements.

3. Conclusions and outlook
In this work, an assessment of the influence of different microstructural phenomena on non-destructive
micromagnetic testing by means of magnetic Barkhausen noise (MBN) analysis was successfully carried out. The information obtained is valuable to define the operation window of the micromagnetic
sensor in a closed-loop property control during flow forming of austenitic stainless steel tubes. Plastic
deformation of this material triggers residual stresses, strain-induced hardening and phase transformation, specifically from metastable austenite into α'-martensite. It was proved that the MBN testing
can be used to monitor the microstructural evolution of the specimens during deformation, because
there is a direct correlation between the measured MBN signals and the content of the ferromagnetic
phase α'-martensite. Consequently, the increment of compressive residual stresses matches with the
incremental behavior of the micromagnetic parameters. However, it was evidenced that the quality of
the tested surfaces plays a key role in the evolution of the MBN signals. A better surface quality causes
an attenuation of the micromagnetic measurements. As the surface quality depends on process parameters like feed rate, a comprehensive assessment of the connection between process parameters and
component properties was carried out. This means a step forward in the soft sensor model for a closedloop property control.
Future work will focus on the implementation of these results within the material model of the soft
sensor for property control. This entails a quantitative assessment of the surface condition effect on
micromagnetic testing. With this information, an improvement of the soft sensor is possible, since the
operation process window of the micromagnetic sensor will be related to the process parameters and
the final goal to produce high quality products with optimized properties.
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