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ABSTRACT

This paper deals with micromagnetic measurements for online detection of strain-induced o/-martensite during plastic deforma-
tion of metastable austenitic steel AISI 304L. The operating principles of the sensors are magnetic Barkhausen noise (MBN) and
eddy currents (EC), which are suitable for detection of microstructure evolution due to formation of ferromagnetic phases. The
focus of this study was put on the qualification of different micromagnetic techniques and different measurement systems under
conditions similar to the real ones during production, which is crucial for implementation of a property-controlled flow form-
ing process. The investigation was carried out on tubular specimens produced by flow forming, which have different content of
o’-martensite. To characterize the sensitivity of the sensors, different contact conditions between sensors and workpieces were
reproduced. MBN sensors are suitable for detecting amount of o -martensite, but the measurements are affected by the surface
roughness. This entails that the calibration models for MBN sensors must take account of these effects. EC sensors show a closer
match with the amount of o -martensite without having major affectation by other effects.

1 | Introduction due to manufacturing flexibility, resource optimization, and the

possibility to produce high-quality components [1]. The use of
The production of components by flow forming has remarkable metastable austenitic steels as raw material enables the pro-
importance in a wide range of industrial fields such as trans- duction of components that fulfill geometrical and dimensional
portation and aerospace. Flow forming is a promising process, requirements with specific properties. During flow forming of
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these steels, plastic deformation not only changes the geometry,
but also the microstructure of the workpieces. In particular,
deformation-induced phase transformation from metastable
austenite to o/-martensite may occur, which modifies the mag-
netic and mechanical properties of the final products [2, 3]. This
distinctive attribute of metastable austenitic steels enables the
production of tubular parts with a localized gradation of mechan-
ical and magnetic properties. This feature can be exploited to
produce parts with enhanced strength and hardness in specific
volumes of the workpiece, as well as to imprint invisible magnetic
barcode signatures, thereby deterring the falsification of the pro-
duced parts. The implementation of online closed-loop control
within the production process enables an application-oriented
and efficient production of these components [4]. This requires
the development of optimal systems for online detection, trans-
mission, and processing of measurements of o'-martensite
content. The application of measurement systems operating
under magnetic Barkhausen noise (MBN) and eddy current (EC)
principles is promising due to their high sensitivity to changes
in magnetic properties during the forming process [5, 6], which
constitutes a milestone for the property-controlled production of
components.

Micromagnetic inspection methods such as MBN and EC can be
used as nondestructive testing techniques to characterize the evo-
lution of various properties such as hardness [7-9] and residual
stresses [10-12], as well as microstructural features such grain
size [13-15], phase transformation [16, 17], and surface damage
[18-20]. These techniques have been used to characterize the
expected fatigue life [21, 22] and for structural health monitor-
ing investigations [23] by means of the monitoring of the stress
state. The literature referenced above is focused on the charac-
terization under laboratory conditions; however, some of these
techniques haven been applied directly in production processes.
In steel industry, micromagnetic testing has been used for inspec-
tion of steel strips [24], quick detection of residual stresses during
deep drawing [25], residual stress measurements of inner rings
of wheel bearings, and control measurements of graphite compo-
sition of car engine crankcases [26]. Various suppliers of micro-
magnetic inspection systems currently offer online measurement
solutions for detecting cracks and manufacturing defects such as
grinding burns in axles, camshafts, and gears [27, 28].

Roller tool

Main spindle

Wall thickness  1.50  2.25  3.00

The main contribution of this investigation is the qualitative
and quantitative evaluation of different measuring systems that
operate under MBN and EC principles for detection of amount
of o/ -martensite in a real flow forming process. The evolution of
the magnetic properties due to the transformation of metastable
austenite into o -martensite is closely related with the micro-
magnetic measurements. Nevertheless, the detailed description
of the calibration models is beyond the scope of this paper
and has been already published by the authors [29, 30]. The
characterization of strain-induced o'-martensite formation by
means of micromagnetic techniques has been widely reported in
literature [31-33]. However, there are no reported studies about
the application of these technologies under real production con-
ditions for a flow forming process. The innovation of this study
consists in the generation and analysis of data recorded with dif-
ferent measurement systems to be used in a property-controlled
flow forming process. These results are necessary to determine
appropriate parameters of the measuring systems, operating
windows of the sensors, as well as key features to consider in the
further development of calibration models for the sensors and
the closed-loop control of the process.

2 | Materials and Methods

2.1 | Production of Specimens by Means
of Flow Forming

The specimens were produced by means of reverse flow form-
ing (Figure 1a) at Forming and Machining Technology of Pader-
born University (LUF), using the machine BD 40 (Bohner &
Koehle GmbH & Co. KG, Esslingen, Germany). The raw mate-
rial of the workpieces is seamless tubes made of stainless steel
AISI 304L (X2CrNil8-9, 1.4307) with an 80 mm outer diameter
and a 4mm wall thickness. The specimens were manufactured
at room temperature, which was kept constant during the pro-
duction by means of active flooded cooling. The speed rotation
of the spindle was 30 rpm and the feed rate of the forming tool
was set at 30 mm/min. The flow forming operations were per-
formed using three rollers to reduce the wall thickness of the
tubes. The initial 4 mm wall thickness was reduced with infeed
depths of 0.75 mm/pass to achieve thickness reductions of 1.50,
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FIGURE1 | Specimen manufacture: (a)flow forming process; (b) geometry and dimensions (in mm); (c) final workpieces. FZ: Forming zones 1-3;

IC: Initial condition.
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2.25, and 3.00 mm. Starting from the initial condition (IC), which
is metastable austenite, flow 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 o -martensite. The final speci-
mens manufactured during the production process are shown in
Figure 1c.

2.2 | Characterization Methods
2.2.1 | o'-Martensite, Wall Thickness Reduction,
and Roughness Measurements

On the workpiece used for the evaluation of the online detection
of o/-martensite amount by means of MBN and EC sensors,
offline wall thickness and o-martensite measurements were
carried out. The wall thickness reduction was calculated using
thickness measurements performed with the mechanical gauge
D4R50 (Kroeplin GmbH, Schluechtern, Germany). The measure-
ments of o’ -martensite were recorded by means of the Feritscope
FMP30 (Helmut Fischer GmbH, Sindelfingen, Germany). This
device works under the magneto-inductive principle to mea-
sure the ferritic phase content, which is correlated with the
strain-induced o/ -martensite, according to [34]. These measure-
ments cannot be used for closed-loop property control, because
the online acquisition and real-time transmission of the data to
a control system is not possible. As a result, micromagnetic mea-
suring systems are a convenient alternative for indirect detection
of o’ -martensite amount in property-controlled applications.

Roughness measurements of the different forming conditions of
the specimen were carried out by means of the tactile device Mar-
Surf M300 (Mahr GmbH, Goettingen, Germany). The values of
arithmetic mean roughness (Ra) of the specimen outer surface
were recorded. These measurements are important due to the

effect that this workpiece feature has on the micromagnetic mea-
surements [35].

2.2.2 | MBN-based Measuring Systems

The setup of a MBN sensor has a magnetization unit formed
by a core yoke and a coil, and an additional detection coil. The
used frequency controls the penetration depth during testing
(Figure 2a). Micromagnetic analyses are based on the behavior
of ferromagnetic materials, such as metastable austenitic steel
AISI 304L. Ferromagnetic materials are divided in spontaneously
magnetized regions called magnetic domains, by means of Bloch
walls. During micromagnetic testing a cyclic magnetization and
demagnetization of the specimen takes place. In this process, the
walls move in response to the applied field. This motion is dis-
continuous due to the interaction of domain walls with lattice
defects, dislocations, phase changes, grain boundaries, and resid-
ual stresses. This triggers the Barkhausen effect that can be evi-
denced in the magnetization hysteresis at high scale (Figure 2b).
From the analysis of the hysteresis loop, the MBN profile can be
obtained (red profile on Figure 2c¢). From this curve, parameters
such as maximum MBN amplitude (M,,,,), mean MBN ampli-
tude (Mp.n), and coercive magnetic field (H,) can be deduced
[36-38].

Two measurement systems based in MBN analysis were used
to detect the strain-induced of-martensite by means of specific
recorded parameters in the specimens: the 3MA-II (Fraunhofer
IZFP, Saarbruecken, Germany) (Figure 3a) and the Rollscan 350
(Stresstech, Vaajakoski, Finland) (Figure 3b). The online MBN
analysis with 3MA-II was carried out with a magnetization fre-
quency of 80 Hz, a magnetic field strength of 80 A/cm, and a
bandpass filter of 500kHz to 1 MHz. The recorded parameter
used for the analysis is M, ,,, which is a parameter tightly cor-
related with the amount of o’-martensite [29, 35]. On the other
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FIGURE2 | Magnetic Barkhausen noise analysis: (a) principle setup of MBN probes; (b) hysteresis loop of magnetization of ferromagnetic materials

and (c) MBN profile extracted of the magnetization hysteresis.
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FIGURE3 | Magnetic Barkhausen noise-based measuring systems for online detection of the amount of o’ -martensite: (a) 3MA-II and (b) Rollscan

350 measuring systems.
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FIGURE4 | Eddy current analysis: (a) principle of the EC test method [39] and (b) impedance diagram and correlation with different material

features and properties [40].

side, Rollscan 350 delivers the magnetoelastic parameter (mp),
which is calculated from individual MBN pulses. The measure-
ments were recorded with a bandpass filter of 70-200 kHz. The
magnetization frequency and voltage were chosen by means of an
automatic sweep routine of the measuring device. The obtained
parameters were 80 Hz frequency and 1.5 V,, voltage. A magne-
tization frequency of 80 Hz is within the typical range in MBN
testing (50-150 Hz) and enables a penetration depth between 2
and 3 mm approximately.

2.23 | EC-based Measuring Systems

In EC testing, an AC voltage is applied to a transmitter coil to
induce a primary alternating magnetic field. This field generates
EC in electrically conductive materials, which causes a secondary
alternating magnetic field. Factors such as permeability, residual
stresses, hardness and defects of the workpiece have an impact
on the strength of the EC and of the secondary magnetic field.
The interference between the primary and secondary magnetic
fields results in a total magnetic field, which induces an alternat-
ing voltage in the measuring coil (Figure 4a).

The induced voltage of the measuring coil is called EC signal and
is displayed in the complex plane. The plot of the imaginary and
real parts of the test coil impedance are correlated with the evo-
lution of properties like conductivity and permeability, as well
as features like defects and layer thicknesses (Figure 4b). Since
austenite and martensite have different conductivity and perme-
ability, EC measurements are suitable to characterize the amount
of o/ -martensite [41, 42]. The EC measurements are determined
by the test frequency, which controls the penetration depth [40].

The online EC measurements were carried out using two dif-
ferent measurement systems: 3MA-II (Figure 3a), which allows
to obtain MBN and EC at the same time, and Elotest PL600
(Rohmann GmbH, Frankenthal, Germany) (Figure 5). The EC
signals were recorded in both systems with a frequency of 1 MHz,
which is a typical test frequency used in EC testing. With this fre-
quency, an approximate penetration depth between 10 and 15 pm
can be reached for tests in austenitic stainless steels after plastic
deformation. The measurements of the imaginary and real part of
the impedance are used to calculate the phase and amplitude of
the measured signals. Since EC testing is a comparative method,
an evaluation of the results requires a reference signal, which in
this case corresponds to the austenite or IC. To detect the amount
of strain-induced o -martensite in the different forming zones

Elotest PL600

FIGURE5 | EC-based measuring system for online detection of the
amount of o -martensite: Elotest PL600 measuring system.

(FZ1 to 3) of the specimen, the distance between the EC signals
of IC and the different FZ was calculated by means of statistical
variance. This distance is called the modulus Am, which is
reported in the results. For the sake of comparison, the higher
Am, the greater the amount of strain-induced o’-martensite.

2.3 | Determination of the Measuring Spot Size
of the MBN- and EC-Based Sensors

The size of the measuring spot of a sensor refers to the value of
the radius or diameter of influence of the measurement device.
The evaluated micromagnetic sensors (MBN and EC) have a
gradient of the measured signal being maximal at the center.
Determining the measuring spot size of sensors is crucial for
two reasons: definition of the resolution for detection of grada-
tions, and its effect on the sensor and closed-loop control dynam-
ics. To determine the size of the measuring spot, a plate with
100% of martensite content was prepared and attached to a preci-
sion table equipped with a mechanism to perform axial displace-
ments. The studied sensor heads were attached to a sensor holder
and located over an area with no signal recording. Afterward, the
sensors were turned on and moved horizontally in discrete steps
of 0.5 mm toward the martensitic plate using the precision table
(Figure 6a). The detected signals are measured during 60's, pro-
ducing plateaus in a plot of the recorded MBN or EC signals as
a function of time. Then, the sensor is moved again 0.5 mm in
horizontal direction and the new recorded signal is plotted as a
new plateau during 60s. This process must be repeated until a
constant value of the measured signal is reached, which means
that the maximum measurable signal or the center of the mea-
suring spot is reached. Figure 6b illustrates an example of the
obtained results for the 3MA-II sensor recording MBN signals. In
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FIGURE 6 | Characterization of the radial size of the measuring spot: (a) experimental setup and (b) example of the obtained result for MBN

measurements using the 3MA-II measuring system.

Rotation
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FIGURE 7 | Online detection of the amount of o’-martensite using
MBN- and EC-based measuring systems: (a) experimental setup and (b)
detail of the axial and rotational relative movements between sensor and
workpiece.

this case, the last plateau is reached at around 1900 s and a total
of 16 plateaus were measured. The number of plateaus multiplied
by the 0.5 mm corresponds to the radial size of the measuring spot
of the sensor.

2.4 | Experimental Setup for Online
Measurements

Figure 7a illustrates the experimental setup to record online mea-
surements using different measuring systems in a flow formed
workpiece. A lathe machine was used to reproduce the relative
movement between workpiece and sensor in a real flow forming
process. Figure 7b shows in detail these movements: the rotation
of the workpiece and the axial displacement that corresponds to
the feed direction of the rolling tool during flow forming. To com-
pare the performance of the sensors, the online measurements
were performed during rotation of the workpiece, axial displace-
ment of the sensor, and the combination of both of them.

The sensors were attached to a suitable sensor holder, which is
connected to the cross slide of the lathe. For the rotational rel-
ative movement, the workpieces were set to rotate on the lathe
at a speed of 90 rpm and the axial relative movements were gen-
erated by moving the cross slide at an approximated feed rate of
0.5 mm/s. Finally, measurements with a combination of rotation
and axial displacement were recorded. The results were mea-
sured and reported for each forming zone separately.

Max. MBN amp. M, .. [V]
5 e e S
=3 = i
W (=] (=]

e
=
S

Mat.: AISI 304L
Device: 3SMA-II

—
wn

g
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3 | Results and Discussion

3.1 | Wall Thickness Reduction, Amount
of o’-Martensite, and Average Roughness

Table 1 presents the quantitative results of measurements of wall
thickness reduction (Aw), amount of o -martensite, and average
roughness (Ra) for the different forming conditions of the inves-
tigated workpiece. The ideal wall thickness reduction (Aw;y.,;)
refers to the infeed position of the roller tool to perform the form-
ing operation. The real wall thickness reduction (Aw,,,) is cal-
culated from measurements on the produced specimen. The real
values are slightly smaller than the ideal ones due to the behavior
of the tool and the machine, as well as the material springback of
AISI 304L [43]. The evolution of o’ -martensite is consistent with
the wall thickness reduction due to the amount of plastic defor-
mation on each forming condition. At the IC, the measurement
is around 0%— o’ and increases proportional to Aw, until a max-
imum of 91.5%—«' is reached in FZ3.

The average roughness at IC has the minimum value since the
nondeformed surface correspond to the raw material. Due to the
movement of the roller tool during flow forming and the defor-
mation, helical microgrooves appear. The feed rate of the tool
defines the distance between the microgrooves (pitch of the helix)
and the number of passes to perform the wall thickness reduction
influences the depth of the microgrooves. Both aspects are deter-
minant on the surface roughness of the components. Since the
feed rate is kept constant, the roughness of the deformed surfaces
is determined by the number of passes used during flow forming.
As mentioned in Section 2.1, infeed depths of 0.75 mm/pass were
applied. Therefore, FZ1 is formed in two passes of the roller tool,
but FZ2 and FZ3 are formed in three and four passes, respectively.
Therefore, the higher the number of passes the lower the depth of
the microgrooves, which is reflected in lower roughness values.
Therefore, the average roughness reaches the maximum at FZ1
with 2.8 pm and decreases until 2.3 pm at FZ3. These results are
illustrated and summarized in Figure 8.

3.2 | Results of Measurements by Means
of MBN-Based Sensors

The analysis of the results of this paper is focused on the evalu-
ation of the sensitivity and dynamic conditions of the sensors to
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TABLE1 | Quantitative results of measurements of wall thickness reduction, o -martensite content, and average roughness of different forming

conditions of the specimen used for the evaluation of the MBN- and EC-based measuring systems.

Forming Ideal wall thickness Real wall thickness o’ -martensite Average roughness
condition reduction Aw; [mm] reduction Aw, [mm] content [%] Ra [pm]

1C — — 0.175 1.243

F7Z1 1.50 1.01 35.13 2.843

FZ72 2.25 1.59 73.08 2.512

FZ3 3 2.19 91.53 2.353

100 JMat.: AISI 304L] 1357 L35
o g o
= 80 A/i-&o“_ -3.0 £
s 1 & z S
2 60 ’ //.K.___ RaF2538 25
=} . V. Aw- ‘ - 7]
O 7 / L‘.-" ideal 4 3
= 40 7 *‘,‘ 202 F20¢<
d 1/ 7 2 E
B 20- S + ", Wreal I.SE’ -1.5;

o—i%}’ 1.02 1.0

IC FZ1 F72 FZ3
Forming condition
FIGURES8 | Results of amount of o -martensite, wall thickness

reduction, and average roughness for different forming conditions of the
specimen used for the evaluation of the MBN- and EC-based measuring
systems.

detect changes of magnetic properties in workpieces. The mea-
surements were recorded online with relative motion between
the sensor and the workpieces, reproducing the real conditions of
production. As mentioned in Section 2.4, the relative movements
correspond to the rotation of the workpiece, the axial displace-
ment of the sensor, and the combination of them. It is widely doc-
umented that measurement systems operating under MBN and
EC principles are suitable for detecting the evolution of magnetic
properties due to phase changes [5, 40, 44]. Therefore, the cali-
bration models for the conversion of measurements made with
these devices into variables of interest, such as the amount of
strain-induced o/ -martensite, are not discussed in this paper.

Figure 9 summarizes the results of the recorded signals by
means of the MBN measuring systems. The signals of 3MA-II
and Rollscan 350 are qualitatively similar. The measured MBN
micromagnetic parameters over the time on rotating workpieces
show periodic peaks. Those peaks are due to the fact that the
deformation-induced o-martensite content around the work-
piece is not completely uniform but has small variations. The
deviations of the circularity of the tubes used as raw material
cause that the contact conditions during flow forming are not uni-
form, therefore the formed o’-martensite is not constant around
the surface of the tubes. From the point of view of the sensors, it
is positive that both are sensitive to these small differences of the
amount of o’ -martensite during rotation.

The results show that the recorded signals for FZ3 can be fully dif-
ferentiated from the measurements for FZ1 and FZ2. In contrast,

the signals of FZ1 and FZ2 do not differ significantly and almost
overlap with each other in all the relative movement conditions
due to the effect of the surface roughness. As was demonstrated
in earlier papers, higher roughness values increase the detected
MBN signals [35, 45]. Higher roughness triggers the increment
of the measured MBN signals, producing the mentioned overlap
between FZ1 and FZ2, as well as an attenuation of the measured
FZ3 signals. Since roughness cannot be measured online during
the measuring process, their effects in a calibration model for the
calculation of o’ -martensite in terms of MBN measurements must
be considered by means of other variables like feed rate. As dis-
cussed in Section 3.1, this parameter has a remarkable influence
on the roughness.

In the measurements with only axial displacements, the peaks are
not present in the recorded signals, since the workpiece does not
rotate. The waviness of the measured signals is due to the cyclic
nature of the MBN testing and the small discontinuities of the
surface ought to the microgrooves created during production, as
discussed before. The recorded signals increase slightly due to a
small variation of the formed o’ -martensite along each individual
forming zone. The measurements with the combination of rota-
tion of the workpiece and displacement of the sensors reveal a
superposition of the signals explained above.

3.3 | Results of Measurements by Means
of EC-Based Sensors

Figure 10 shows the recorded signals by means of the EC measur-
ing systems.

The signals of 3MA-II and Elotest PL600 reveal that the three
forming conditions are well differentiated from each other, since
no overlapping of the signal is present in the plots. The recorded
EC signals correlate qualitatively in a more reliable way with
the measurements of o'-martensite. For instance, the plotted
results of FZ2 are closer to FZ3 than to FZ1. This agrees with
the measurements of o’-martensite reported in Table 1. From
FZ1 to FZ2, the o -martensite increases around 38% and from
FZ2 to FZ3 only 18.5%. The periodical peaks on measurements
of rotating workpieces were also recorded with EC-based mea-
suring systems, which is a positive aspect regarding the sensi-
bility to small variations of the magnetic properties. When the
sensors are moved axially along the specimen, nearly constant
signals are recorded. The results with the combination of both rel-
ative movements correspond to a superposition of the individual
signals.
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FIGUREY9 | Resultsof online MBN measurements recorded during rotation of the workpiece, axial displacement of the sensor head, and the com-

bination of both movements, using (a) 3MA-II and (b) Rollscan 350 measuring systems.

3.4 | Radial Size of the Measuring Spot of the
MBN- and EC-Based Sensors

According to the procedure described in Section 2.3, the size of
the measuring spot of the devices were calculated. Table 2 sum-
marizes the results of the radial size of measuring spots for the
investigated sensors. Although the 3MA-II system performs MBN
and EC measurements, no difference of the radial size of the mea-
suring spot was found between both methodologies.

A bigger radial size of the measuring spot implies a slower reac-
tion of the sensor to changes of the conditions of the measured
objects. Figure 11 shows a comparison of measurements recorded
online in a transition zone between FZ2 and FZ3, using the
3MA-II and the Elotest PL600 sensors. The axial displacement
of the sensor was carried out with the cross slide of the lathe

at a speed of 0.5mm/s. As expected, the Elotest PL600 sensor
reacts quicker than 3MA-II to the changes of the amount of
o -martensite. The reaction time is taken as the interval of time to
reach two stable micromagnetic signals of the measured FZ2 and
FZ3 conditions. The 3MA-II measuring systems take around 15s
to stabilize the signals, while Elotest PL600 takes around 7.5s.
Multiplying these values by the average horizontal speed used for
measurements, yields values that are similar to those reported in
Table 2 of the size of measuring spots of the sensors.

4 | Conclusions
The suitability of measuring systems operating on the principles

of MBN and EC analyses for detection of the evolution of
magnetic properties was investigated. The monitoring of
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FIGURE 10 | Results of online EC measurements recorded during rotation of the workpiece, axial displacement of the sensor head, and the com-

bination of both movements, using (a) 3MA-II and (b) Elotest PL600 measuring systems.

TABLE 2 | Radial size of the measuring spot of (a) 3MA-II, (b)
Rollscan 350, and (c) Elotest PL600 measuring systems.

(a) 3BMA-I1 (b) Rollscan 350 (c) Elotest PL600

7.5mm 7.0 mm 3.0mm

magnetic properties allows the detection of strain-induced
o/ -martensite during a property-controlled flow forming pro-
cess. The assessment of the measuring systems was carried out
emulating the real conditions during flow forming, regarding the
relative motion between the workpiece and the sensor heads. Of
each evaluated operating principle, the following devices were
applied: 3MA-II that is capable to perform MBN and EC mea-
surements at the same time, Rollscan 350 that carries out only

MBN measurements and Elotest PL600 that is an EC-dedicated
testing system. The results reveal that the main qualitative
differences are between the measurement principles. Different
devices working under the same operating principle deliver
similar qualitative results. Both methodologies are suitable for
online detection of o’-martensite amount through assessment
of magnetic properties. However, the MBN-based sensors are
more affected by the roughness of the measured surfaces. This
does not mean that this type of sensor should be discarded to
detect the amount of o/-martensite. As stated in the discussion
of the results, sensor calibration models based on MBN analysis
must consider the effects of roughness. The authors have already
successfully applied such MBN sensors for o’-martensite detec-
tion using calibration models that take account of roughness by
means of flow forming parameters such as feed rate [30].
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FIGURE 11 | Resultsofonline measurements in transition from FZ2 to FZ3 under combination of rotational and axial relative movement between

sensor and workpiece, using (a) 3MA-II and (b) Elotest PL600 measuring systems.

The EC-based measurements are tightly correlated with the
o -martensite amount and are unaffected by other effects such as
roughness. This entails that the calibration models to compute
o/ -martensite content do not require the inclusion of additional
parameters to compensate for side effects. The investigation
regarding the radial size of the measuring spot, reveals that the
small size of the EC-dedicated device, represents an advantage
with respect to the speed of reaction to the changes of the
measured properties. This aspect is of great relevance for the
characterization of the dynamic behavior of the sensors during
the measurement process and the definition of their limitations
for the detection of specially graded flow formed components.

The characterization of the measuring methodologies and sen-
sors constitutes a milestone for the application of these sys-
tems under real production conditions in a property-controlled
flow forming process. The study of their sensitivity to specific
material properties and features allows to define operating win-
dows, advantages, and limitations, which is fundamental in the
development of calibration models and the use in the final
applications.
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