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To detect mechanical overloads on the component directly in operation, a metastable material can be used
as a load-sensitive sensor when combined with an eddy current testing system. In order to find a suit-
able metastable sensor material that exhibits microstructural changes at an early stage before fatigue
failure, quasi-static tensile tests and cyclic rotating bending tests were carried out with the austenitic
stainless steels 1.4301 (2 batches), 1.4305, 1.4541 and 1.4550. For the detection of microstructural changes,
electromagnetic testing was used in-situ in the tensile test and ex-situ between the rotating bending test after
a pre-defined number of cycles. The investigated materials 1.4301 batch2 and 1.4550 showed the largest
signal changes and the lowest austenite stability both in the tensile test and under cyclic bending load. Due
to the better mechanical properties, 1.4301 batch2 should be preferred. The order of the austenitic stainless
steels tested was similar in terms of transformation behavior in both tests. Thus, the tensile test combined
with in-situ electromagnetic testing appears to have potential as a suitable benchmark test for austenite
stability. With regard to the cyclic bending stress, an overload of the specimens could be detected for the
materials 1.4301 batch2, 1.4305, 1.4541 and for the 1.4550 on the basis of a significant amplitude change. At
low bending stresses, uncritical for structural integrity, no increase in amplitude was measured. The results
have shown that an early detection of overloads is possible with several materials, however, the potential for
detecting overloads varies between materials and also between individual batches. In addition, it has been
observed that as the bending stress increases, the gradient of the change in amplitude over the number of
cycles increases as well. Thus, with a known number of cycles, it could be possible to classify the previous
load spectrum based on the difference in amplitude between two measurements.
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1. Introduction

The monitoring and analysis of technical systems and
components is becoming increasingly important to ensure high
availability and safety. In this context, it is crucial to obtain
precise information about the condition of the components
directly during operation. Continuous monitoring of loads
allows deviations from the normative load curve to be detected
at an early stage so that appropriate countermeasures can be
taken. Early detection of damage-relevant loads is an important
factor as it enables proactive maintenance, and thus prevents
unexpected downtimes. In addition, the service life of entire
plants can be extended through an accurate service life
estimation of the components, thus increasing economic
efficiency.

As part of the Priority Program 2305 (Sensor-Integrated
Machine Elements pave the way for Widespread Digitization),
the present projects tries to implement an energy-autonomous,
non-destructive in-situ condition monitoring on the demonstra-
tor component splined shaft by combining material sensors and
eddy current sensors, see [1] for detailed information. An
exemplary concept for load monitoring of a splined shaft
consisting of material and eddy current sensors and an
evaluation unit is shown in Fig. 1. The material sensor will
be produced locally by means of laser heat treatment in a
martensitic surface layer on an austenitic stainless steel base
material. The permanently applied eddy current sensors should
be compact and energy-efficient, but still have a high sensitiv-
ity. The evaluation unit will consist of a microcontroller and
peripherals and will ensure wireless data transmission. The
necessary energy will be generated by means of energy
harvesting.

The principle of the material sensor is based on a structural
transformation of paramagnetic austenite to ferromagnetic
martensite when a certain load threshold value is exceeded.
Due to the lower strength, only the material sensor is subject to
microstructural changes. These magnetic changes can be
detected using electromagnetic testing technology. Upon
mechanical loading, the formation of martensite proceeds
stepwise and irreversibly as a function of the applied load
amplitude and number of cycles. The change in martensite
content can be related to the load history. Furthermore, cyclic
electromagnetic tests and subsequent analysis of the signal
changes can be used to detect possible damage to the
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components at an early stage and estimate the remaining
service life.

Currently, there is no way to order the austenite stability
desired for the material sensor in semi-finished products in a
controlled manner. Therefore, various austenitic stainless steels
with different contents of chemical elements such as C, Cr and
Ni were investigated in terms of their potential for the
mechanically-induced austenite to martensite formation. De-
spite the existing literature on the formation of martensite in
austenitic stainless steels, actual testing is required as a
theoretical determination of metastability using parameters
such as martensite start (Ms) temperature, martensite deforma-
tion (Md) temperature and stacking fault energy (cSF) are
subject to significant variations, depending on the formula
chosen [2, 3]. In addition, when comparing two batches of the
same alloy, the potential for martensite formation can be
significantly different, as the individual chemical elements are
only required to be within a certain range according to the
standard [2-4]. The aim of the present study was to determine
an alloy or rather a chemical composition that allows to detect
critical loads as early as possible before fatigue failure, based
on the structural change. Under the normal operating condi-
tions, however, the structural change should not take place. The
metastability of the alloys 1.4301 batch1 and batch2 (AISI
304), 1.4305 (AISI 303), 1.4541 (AISI 321) and 1.4550 (AISI
347) was evaluated by quasi-static tensile tests and cyclic
rotating bending tests. Electromagnetic testing signals provided
the main data for the evaluation of the metastability. Tensile
tests were carried out to determine the yield strength for the
cyclic bending tests and to detect in situ microstructural
changes, especially the necessary plastic strain, under the same
test conditions for each material. The cyclic bending tests were
chosen to investigate a type of stress state that also occurs in the
loading of splined shafts. The objective of the tests was to find
prerequisites for a material sensor that would show initial
microstructural changes under cyclic stresses well below the
critical load limit. Therefore, the following aspects need to be
investigated in the literature as well as in practical tests:

• What are the factors that have an influence on the austen-
ite stability?

• How can the austenite stability be determined or com-
pared?

• Which alloy exhibits low austenite stability and can be
used for the material sensor?

• Which non-destructive testing methods are suitable to de-
tect in-situ structural changes or rather to evaluate the fati-
gue state?

2. State of the Art

2.1 Martensite Formation

With regard to the material sensor, the potential of austenitic
stainless steels for martensite formation is essential. Specifi-
cally, the overloads have to be detected based on microstruc-
tural changes occurring in areas that do not have a critical
influence on the structural integrity. The metastability of
austenitic stainless steels depends on a wide variety of factors.
Basically, according to Olson and Cohen, martensite can be
thermally induced, stress-induced or strain-induced. Strain-
induced martensite formation occurs when there is sufficient
strain applied in the temperature range between the Md and
MS,r temperatures. In this case, the nucleation sites are
generated by the plastic deformation. Above the Md temper-
ature, plastic deformation becomes excessive before martensite
formation occurs. Between the MS,r- and MS-temperatures,
stress-induced martensite occurs at nucleation sites where
thermally-induced martensite formation could also be initiated.
In this range, martensite formation can already occur under
elastic deformation, provided that the combination of chemical
driving force and mechanical stress is sufficiently high. Below
MS, thermally-induced martensite formation is possible [5]. The
austenite stability mostly depends on the chemical composition,
the microstructure, the previous load history, the load amplitude

Fig. 1 Exemplary concept consisting of material and eddy current sensors and an evaluation unit for load monitoring of a splined shaft
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and the operating temperature. For theoretical estimation of
metastability, theMS and theMd30 temperature are often used in
the literature. TheMd30 temperature indicates the temperature at
which 50% martensite content should be present after 30%
deformation. In addition, the stacking fault energy (cSF) can
also be used to estimate metastability. With regard to the three
parameters, it should be noted that there are a large number of
different formulas for each parameter, which differ mainly in
the weighting of the respective alloying elements. In the present
study, the formulas most frequently used in the literature were
employed for the estimation of the respective parameter, i.e.:

Md30 according to Angel 6½ � �Cð Þ
¼ 413

� 462 Cþ Nð Þ�9:2Si�8:1Mn�13:7Cr�9:5Ni�18:5Mo

ðEq 1Þ

MS according to Pickering 7½ � �Cð Þ
¼ 502� 810C� 1230N� 13Mn� 30Ni� 12Cr � 54Cu

� 46Mo

ðEq 2Þ

cSF according to Pickering 8½ � mJ/m2
� �

¼ 25:7þ 2Niþ 410C� 0:9Cr � 77N� 13Si� 1:2Mn

ðEq 3Þ

where the alloying element contents must be used here in mass
percent. In summary, the alloying elements C, N, Cr and Ni
have a pronounced influence on the three parameters consid-
ered. With regard to cSF, the temperature dependence must also
be taken into account [9]. In principle, martensite formation can
occur from c-austenite (fcc) via e-martensite (hcp) into a’-
martensite (bcc) or directly into a’-martensite. At high stacking
fault energies, dislocation slip is the primary mechanism of a’-
martensite formation. At lower cSF, formation via e-martensite
and deformation twinning is the primary mechanism [5, 9-11].
Schumann reports a cSF of 20 mJ/m2 as a reference value for
FeCrNi systems; below this stacking fault energy, 100% strain-
induced a’-martensite should occur under favorable thermody-
namic conditions [12].

2.2 Summary of Findings from the Literature Relating
to a Load Sensitive Material

It can be stated that for known loads it is possible to predict
the fatigue state from the martensite content [2, 13]. However,
this is more difficult with changing or rather unknown loads
[2]. In addition, ambient temperature [2, 3, 14], loading
frequency (strain rate) and resulting specimen temperature [15-
19] as well as grain size have an influence on the formation of
martensite [20, 21], although the latter is not clearly understood
in the literature. Non-destructive testing has been used to
compare the potential for martensite formation in different
materials and a significant batch effect has been demonstrated
for, e.g., 1.4550 [4].

Regarding the non-destructive evaluation of the fatigue
state, it can be summarized that structural change can be
detected qualitatively using eddy current coils (e.g., pancake
coils [22-24]) and impedance evaluation [3, 18, 25, 26]. The
Villari effect was found to be a significant disturbance in the
eddy current tests [27-29]. For quantitative determination of the
magnetic content in the microstructure, a Feritscope or SQUID

measurements are typically used, with XRD measurements as a
reference [28, 30]. Quantitative determination by metallogra-
phy shows greater variation in comparison [28]. However, these
quantitative methods are not suitable for permanent application
to a component. Eddy current coils, on the other hand, can be
used for permanent application, for instance permanently on
fatigue specimen [25] or on bolts [24].

The literature also shows that for the materials used (mostly
1.4301, 1.4541 and 1.4550) small changes in Cr or Ni content
have a significant effect on austenite stability and hence on the
potential for martensite formation above a certain load limit [3,
4, 31]. Currently, there is no possibility to order austenite
stability for semi-finished products in a controlled and repro-
ducible way. The theoretical estimation of the austenite
stability, e.g., by means of the Md30 temperature, is not reliable,
which means that practical benchmark tests to evaluate the
austenite stability are indispensable [2, 3]. Tensile tests [27, 28,
32, 33] have shown that the austenitic stainless steels inves-
tigated require a critical deformation, starting from 5 to 10% or
more plastic deformation, to produce the first structural
changes, making early detection of overload more difficult
[34]. Yet, there is a lack of information about the transformation
behavior of components consisting of austenitic stainless steel
under cyclic loading. In addition, changing ambient tempera-
tures present a challenge in terms of martensite formation and
interpretation of the fatigue state, as the same load can lead to
martensite formation at room temperature, less or no martensite
formation can occur at higher temperatures [3, 34]. The
sensitivity of the NDT technique should also be mentioned as
an important aspect in the evaluation of the fatigue state, since
despite a high austenite stability of the material, small structural
changes can still be detected with high sensitivity and included
in the evaluation [14].

3. Materials and Methods

3.1 Materials

The materials investigated in the present study were
austenitic metastable stainless steels, whose chemical compo-
sition are given in Table 1. The material was supplied as drawn
bar stock of various diameters in the solution-annealed
condition.

The calculated Md30 and MS temperatures as well as cSF
values were intended to serve as a priori estimate of metasta-
bility and represent estimated values only, since aspects such as
grain size, type of deformation and previous thermal/mechan-
ical loads as well as, in the case of the stacking fault energy, the
prevailing temperature are not taken into account here. The aim
was to find a stainless steel that already exhibits initial
microstructural changes at stresses in the yield strength range.
In theory, this requires positive Md30 and high MS temperatures.
A low stacking fault energy favors the formation of planar
lattice defects, such as stacking faults, deformation twins or e-
martensite. These defects, in particular their intersections, can
then serve as possible nucleation sites for the formation of a’-
martensite. In terms of the three parameters, the 1.4301 batch2,
1.4541 and 1.4550 should have low austenite stability.
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3.2 Detection of Microstructural Changes

Electromagnetic testing techniques was used both in- and
ex-situ to detect changes in the microstructure directly during
loading or after specific loading cycles. Both the conventional
eddy current test and the magnetic inductive testing with
analysis of the higher-harmonic signal components were carried
out by a PK Computer with a measuring card and an in-house
developed testing software. The sensors used in the following
were also developed in-house. Conventional eddy current
testing was used at a test frequency of 30 kHz in combination
with a PCB (printed circuit board) eddy current probe (see
Fig. 2a) consisting of measuring and exciter flat coils. The
frequency of 30 kHz was determined in a parameter study
using three calibration specimens with characterized martensite
contents. At higher frequencies, the potential for distinguishing
different martensite contents decreases. At lower frequencies,
the sensitivity of the PCB sensor decreases. In the signal
evaluation of the conventional eddy current test, the measure-
ment signal is compared with the sinusoidal excitation signal.

This way an amplitude and phase difference can be determined
in the case of different eddy current formation. These two time-
dependent parameters can be transformed into polar coordinates
and then displayed in an impedance plane in the form of an
operating point reflecting amplitude and phase [35, 36].

In addition, a circumferential sensor (see Fig. 2b), consist-
ing of exciter, compensation and measuring coil, was used with
a low excitation frequency of 400 Hz on the basis of a
parameter study to enable the analysis of higher-harmonic
signal components (also called harmonic analysis). With this
method, when the field strength is high enough, detectable re-
magnetization processes take place in ferromagnetic materials.
These provide a magnetic hysteresis loop and at the same time a
sinusoidal signal distorted with higher-harmonics. Whereas in
austenitic, i.e., paramagnetic microstructures, the magnetic flux
density is proportional to the magnetic field strength. The
measurement signal can be divided into different frequency
components using an FFT transformation. In particular, the
amplitude of the 1st harmonic (excitation frequency) and the
3rd harmonic (in this case 1200 Hz) are essential parameters for

Table 1 Chemical composition of the investigated austenitic stainless steels (in wt.%) with balance Fe determined with
spark spectroscopy.

Element C Si Mn Cr Mo Ni Cu N Md30 MS YSF

1.4301
batch1

0.036 0.36 1.82 18.29 0.18 7.93 0.39 0.110 � 2 � 164 25

1.4301
batch2

0.037 0.45 1.49 18.43 0.26 7.70 0.45 0.038 32 � 71 29

1.4305 0.066 0.26 2.05 17.69 0.12 8.01 0.80 0.079 7 � 170 41
1.4541 0.041 0.60 1.91 17.17 0.20 9.06 0.33 0.021 38 � 79 34
1.4550 0.050 0.48 1.01 17.51 0.33 9.17 0.39 0.029 31 � 95 39
The Md30 temperatures were calculated according to Angel [6] in �C, the MS temperatures according to Pickering [7] in �C, and the stacking fault
energy (cSF) in mJ/m2 [8].

Fig. 2 Tensile test setup: (a) conventional eddy current testing (b) harmonic analysis
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characterizing different microstructural components. From the
1st harmonic, electrical and magnetic properties can be derived.
A 3rd harmonic, on the other hand, exists only if ferromagnetic
material such as martensite is present. A pure austenitic
component with low electrical conductivity and paramagnetic
properties would therefore have a low 1st harmonic and no 3rd
harmonic [37]. In principle, the amplitudes of the harmonics
also increase with a higher content of magnetic material, e.g.,
martensite [32, 38].

Magnetic inductive testing with the analysis of higher-
harmonic signal components was used because different
investigations have demonstrated several times that a
microstructure characterization is possible with this testing
technique [29, 38-40]. This contrasts with conventional eddy
current testing with PCB tactile sensors, which allow a
reproducible and compact form due to the flat coil design
and, at the same time, low-energy and low-data signal
evaluation [35]. Flat coils would be one way to realize in-situ
detection of component overloads on the splined shaft in
accordance with the goal of the underlying research project (cf.
Fig. 1). Another circumstance that argues against the use of
magnetic inductive testing with harmonic analysis on a splined
shaft is that a sufficiently large magnetic field must be
generated to remagnetise the magnetic areas. This means that
a high number of windings and/or a high current must be
realized. The space available on the splined shaft is not
sufficient for this. Nevertheless, magnetic inductive testing with
harmonic analysis is also used in the following because of its
sensitivity to structural changes.

In addition, XRD measurements using a Bruker Discover
D8 X-ray diffractometer with a Co X-ray source were
conducted. These data were used for the characterization of
the microstructural changes after the end of the tests.

3.3 Tensile Tests

The transformation behavior of the solution-annealed mate-
rials were studied at room temperature in uniaxial tensile tests.
The round specimens with a gauge diameter of 8 mm and a
gauge length of 65 mm were tested in a Zwick-Roell Z100
(kN) universal tensile testing machine. The specimens had an
M12 thread to connect them to adapters made of austenitic
stainless steel. This minimized interference from the ferromag-
netic clamping jaws of the tensile testing machine on the
electromagnetic test signals.

The eddy current sensors were each placed in the center of
the specimen and attached to the cross-head in order to move
along with the strained specimen. Figure 2 shows the exper-
imental setup used for the in-situ electromagnetic testing.

After each 5% elongation step, a 20 s hold phase was
employed in the loaded and unloaded condition to reduce
possible self-heating of the specimen and to allow accounting
for the contribution of the Villari effect to the measurement
signal. In addition, the influence of different strain rates
(2 * 10�1 s�1, 10�1 s�1, 10�2 s�1, 5 * 10�3 s�1) on the
material behavior was investigated in preliminary tests using
the signals from the harmonic analysis. Based on the prelim-
inary tests and the literature [19, 27], a strain rate of 10�1 s�1

was selected for the subsequent tests. The purpose of the tensile
tests was to determine the yield strength and to compare, under
identical test conditions, the plastic deformation required to
initiate martensite formation.

3.4 Rotating Bending Tests

A Zwick-Roell UBM 200 tC (rotating bending machine)
was used to investigate martensite formation under cyclic
loading, cf. Fig. 3. A sinusoidal alternating load is applied to
round specimens, with the highest stress occurring in the
specimen surface. The round specimens had a gauge diameter
of 8 mm and a gauge length of 42 mm. The tests on the UBM
can only be carried out under stress control. The parameters
bending stress, loading frequency and number of load cycles
can be varied. Based on the preliminary tests, a test frequency
of 16.67 Hz was selected in order to minimize temperature
increases in the specimen while allowing load cycles in the
high-cycle fatigue (HCF) range.

The rotating bending tests were selected in order to
investigate a type of stress state that also occurs in the loading
of splined shafts. Furthermore, the stress amplitude for each
material was specifically defined based on the yield strength.
For each material, the stress amplitude was started at 50% of
the yield strength. The stress strain diagram and the 0.2 pct
offset yield strength ry determined from the tensile tests are
shown in Fig. 4.

As can be seen, the deviations between the curves of a single
material are negligible. However, when comparing alloys and
batches, there are clear differences in tensile strength and yield
strength. In comparison, the 1.4301 batch1 has the highest
strength and the 1.4550 the lowest. The two batches of 1.4301
show a high difference of 110 MPa in the yield strength.

The magnetic inductive testing with the analysis of higher-
harmonic signal components were performed with the circum-
ferential sensor from Fig. 2b ex-situ after defined load cycles
according to the following sequence: Initial condition, 5 * 104,
105, 2 * 105, 3 * 105, 4 * 105, 5 * 105 cycles. For this
purpose, the specimen was removed from the rotating bending
test rig after the defined load cycles and tested in a suitable set-
up. In the case of austenitic stainless steels, due to the formation
of martensite and the resulting hardening, it can be assumed
that if 500,000 cycles are achieved without failure, a fatigue
strength of minimum 2 * 106 cycles can be expected [41, 42].

The aim of the tests was to find a chemical composition that
exhibits initial microstructural changes at stresses considerably
below the load limit. The secondary objective was to detect
possible component overload at an early stage by means of
electromagnetic testing as well as to obtain information about
the signal changes until fracture.

4. Results and Discussion

4.1 Tensile Tests

From the captured machine data and the electromagnetic test
results, the change in amplitude as a function of plastic strain in
the unloaded state was evaluated. Magnet inductive testing with
analysis of higher-harmonic signal components by means of a
circumferential sensor was carried out with the test frequency
of 400 Hz.

In the following, the different microstructural changes as a
function of plastic strain are compared on the basis of the
electromagnetic signal changes and the results from the XRD
measurements. In the testing signals of the magnetic inductive
test and the eddy current test, the decreasing test volume with
plastic deformation is not compensated, since all specimens
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show similar plastic deformations and no necking had occurred.
The influence of the specimen volume on the electromagnetic
signal was nevertheless investigated. Analogous to the results
from [28], a linear relationship between the test volume and the
electromagnetic signals was observed.

As can be seen in Fig. 5, significant changes in signal can be
detected at a testing frequency of 400 Hz with respect to the
amplitude of the 1st harmonic 3rd harmonic as a function of
plastic strain compared to the initial voltage.

Basically, two material behaviors can be observed in
Fig. 5(a), the 1.4301 batch1 and 1.4541 show only a small
amplitude increase with increasing strain. Furthermore, it can
be observed that these materials have the largest starting
amplitudes in the initial state. In contrast, the 1.4301 batch2, the
1.4305 and the 1.4550 show significant amplitude increases,
whereby the incubation phase up to a significant amplitude

increase varies depending on the plastic strain, see Fig. 5(c).
The incubation phase from which martensite formation occurs
is shown in Fig. 5(c) using the in-situ recorded measurement
signal. An increase in amplitude can be seen for the 1.4301
batch2 from approximately 1.5% plastic strain. For 1.4305 and
1.4550, however, the amplitude increase begins at about 5%
plastic deformation, and thus much later. In addition, small
loops can be seen in 5% increments due to loading and
unloading. The magnetic volume and magnetic properties can
also be estimated from these loops, as these parameters also
increase with greater loop formation. After approx. 30% plastic
strain, the 1.4301 batch2 exhibits the highest 1st harmonic
amplitude in total. In terms of the change compared to the
starting amplitude, the 1.4550 shows an increase by a factor of
40.6. The 1.4301 batch2 shows an increase by a factor of 36.8.

Fig. 3 Rotating bending test setup

Fig. 4 Stress strain diagram and 0.2 pct offset yield strength ry for each material tested; ba1 and ba2 refer to different batches
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As described in chapter 3.2, the 3rd harmonic is a value
which indicates on the basis of the magnetic hysteresis curve
whether ferromagnetic properties are present in the probed
volume. In addition, from an increasing 3rd harmonic, higher
magnetic permeabilities and thus also a higher proportion of
martensitic phase can be inferred. With regard to the amplitude
of the 3rd harmonic in Fig. 5(b), the materials 1.4301 batch1
and 1.4541 have a high starting amplitude, which indicates the
presence of a magnetic phase. In the case of the 1.4305 and
1.4550, an amplitude was detected which corresponds to the
noise of the measuring chain, while the 1.4301 batch2 is
slightly above the noise limit. With increasing deformation, the
amplitude of the 3rd harmonic increases exponentially for the
materials 1.4301 batch2, 1.4305 and 1.4550 after different
incubation phases, while the 1.4301 batch2 exhibits the highest
increase at low plastic strains and after 20% deformation a
significant decrease in the amplitude gradient. In direct
comparison, no significant increase in amplitude is found for
the 1.4301 batch1. The 1.4541, on the other hand, shows a
significant increase in amplitude up to about 5% plastic
deformation, with a small decrease thereafter followed by a
small increase in amplitude.

For the in-situ test using a PCB sensor during the tensile
tests, the eddy current signal was calibrated at the initial state.
Accordingly, the test results give an operating point in the
impedance plane which starts at the coordinate origin and
changes in the impedance plane when there is a change in the
electrical conductivity and/or the magnetic permeability in the

probed volume. Figure 6(a) shows the change in amplitude of
the eddy current signals as a function of plastic strain in the
unloaded state, while Fig. 6(b) provides a closer look at the
signal changes at low plastic strains.

The eddy current test was carried out at a frequency of
30 kHz. Within these tests, the 1.4550 and subsequently the
1.4301 batch2 showed the largest amplitude change. In this
case as well, an increase in the amplitude can be used to infer
the formation of martensite. The order with regard to the
maximum amplitude change compared to the initial condition is
identical to the order when considering the percentage ampli-
tude change of the 1st harmonic. As can be seen from Fig. 6(b),
the 1.4301 batch2 shows the greatest increase in amplitude,
especially at the smaller plastic deformations. It should also be
noted that the characteristic curve of the 1.4301 batch2 with a
decrease in the amplitude gradient from about 20% deformation
can also be seen, similar to the 3rd harmonic.

Nevertheless, with regard to the detection of overloads in the
subsequent application, the chemical composition and
microstructure of the 1.4301 batch2 is preferable to all other
materials investigated, as it exhibits an early amplitude increase
with the start of deformation in both electromagnetic test
methods. After 4.5% plastic strain, an amplitude increase of
114% was registered for the 1st harmonic and 9 scale units for
the eddy current test. Equivalently, smaller plastic strains can
also be clearly differentiated. These results indicate that eddy
current testing with a PCB sensor has the potential to detect
minor structural changes.

Fig. 5 Change of the amplitude in the unloaded state of (a) the 1st harmonic and (b) the 3rd harmonic as well as changes in the in-situ
measurement signal in the 1st harmonic as a function of the plastic strain in (c)
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Furthermore, the batch influence should be mentioned for
1.4301, as batch1 has a high austenite stability and batch2 a low
austenite stability. In a direct comparison between the two
batches (see Table 1), the nitrogen content in particular shows a
clear difference. Batch2 has only one third of the nitrogen
content of batch1. For the use as a material sensor, the selection
of just an alloy is obviously not sufficient. This is also in
agreement with the results of, e.g., [2, 4] and with the
significant influence of the chemical composition on the
metastability described in chapter 2.4.

For the validation of the electromagnetic test results with
respect to the microstructural changes, XRD measurements
were performed directly on the tensile specimen in the initial
state and after 29% plastic strain. The measurement spot of
approx. 0.5 mm was positioned in the center of the tensile
specimen in each case. The results from the initial condition are
shown in Fig. 7 including the c- and a-phases.

As shown in Fig. 7, no martensitic phases were detected in
the XRD measurements for the materials 1.4301 batch1, 1.4305
and 1.4541 in the initial state. The 1.4301 batch2 as well as
1.4550, on the other hand, show low intensity for the main
(110) martensite reflex. However, the absence of a reflex does

not necessarily mean that 0% martensite is present. According
to [13], on the basis of quasi-static and cyclic tensile tests on
the materials 1.4541 and 1.4550, a reliable determination of the
fatigue state from about 10% martensite is possible with the aid
of hardness tests and XRD measurements. In contrast, with the
SQUID method, Feritscope measurements or conventional
eddy current testing, a reliable determination of the fatigue state
from 1% martensite is possible. In [30], different martensite
contents of 1.4318 (AISI 301LN) and 1.4301 sheets were
determined by Feritscope, Satmagan measurement, magnetic
balance measurement, X-ray diffraction, density measurement
and quantitative optical metallography and subsequently com-
pared. XRD measurements showed strong differences due to
the varying microstructure texture. Quantitative optical metal-
lography turned out to be very time-consuming and inaccurate.
The other methods yielded similar results.

The XRD results of the tensile specimens after a plastic
deformation of 29% depending on the material are compared in
Fig. 8. Clearly, there is a lower signal-to-noise ratio when
compared to the data shown in Fig. 7. This is an effect of the
increase in dislocation density and microstructural refinement
upon plastic deformation.

Fig. 6 (a) Change of the amplitude of the eddy current signals as a function of the plastic strain, (b) change of the amplitude with focus on
low plastic strains

Fig. 7 XRD diffractograms of the initial state of the tensile specimens
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The materials 1.4301 batch1, 1.4305 and 1.4541 show
substantial martensite phase fractions, although the austenite
content still clearly dominates after deformation. In contrast,
the tensile specimen of 1.4301 batch2 shows reflexes, espe-
cially in the 111 and 110 planes, indicating similar contents of
martensitic and austenitic phases. The tensile specimen from
1.4550 shows in total a larger content of the martensitic phase
after an elongation of 30%. For the 1.4301 batch2 and the
1.4550, in addition to the reflexes from the main (110)
martensite plane, reflexes are also observed in the (200) and
(221) planes, indicating differences in texture formation.

By qualitatively considering the amplitude changes of the
electromagnetic test signals with the phase contents from the
XRD measurements after a plastic deformation of 29%,
especially the 1.4301 batch2 as well as the 1.4550 appear
promising with regard to the microstructural change. These two
materials consequently exhibit the lowest austenite stabilities
when plastic deformation sets in. Consequently, the most
martensite was formed in these two alloys in comparison,
which also results in a higher strength due to the mixed
microstructure.

4.2 Rotating Bending Tests

Figure 9 presents selected test results from magnetic
inductive measurements with harmonic analysis at a test
frequency of 400 Hz. The microstructural changes in the
rotating bending specimens were evaluated ex-situ without
loading, and thus without the influence of the Villari effect. The
last test before fatigue failure is indicated by the red symbol in
Fig. 9.

Based on these data, the selected bending stresses and
respective number of cycles to failure are:

• 1.4301 batch1: 434 and 496 MPa corresponding to 70 and
80% of the yield strength

– Fracture at 496 MPa after approx. 117,000 cycles

• 1.4301 batch2: 306, 357 and 383 MPa corresponding to
60, 70 and 75% of the yield strength

– Fracture at 357 MPa after approx. 330,000 cycles
– Fracture at 383 MPa after approx. 160,000 cycles

• 1.4305: 350 and 400 MPa corresponding to 70 and 80%
of the yield strength

– Fracture at 400 MPa after approx. 267,000 cycles

• 1.4541: 250, 350, 368, 380 MPa corresponding to 55, 75,
80 and approx. 85% of the yield strength

– Fracture at 380 MPa after approx. 91,000 cycles

• 1.4550: 240, 270, 285 and 315 MPa corresponding to 80,
90, 95 and 105% of the yield strength

If 500,000 cycles were reached in the test, the bending stress
was then increased in 5-10% steps. Due to the limited number
of specimens per material, it should be noted that in most cases
only one specimen could be fatigued per bending stress.
Nevertheless, the respective material response to the different
stresses could be derived from the test results. For all materials,
it was observed that at a low bending stress, there was no
significant increase in the amplitude of the 1st harmonic over
the 500,000 cycles. An example were no relevant amplitude
changes occurred is 1.4301 batch2 at a bending stress of
306 MPa.

From a stress threshold that is different for each material, an
initial hardening takes place according to the selected stress.
This initial hardening can be seen by a simultaneous increase in
the amplitude of the 1st harmonic, e.g., slightly for the 1.4301
batch2 at a stress of 306 MPa and for the 1.4541 at all stresses
up to a number of cycles of 50,000. If the initial hardening was
not pronounced, an incubation phase followed by a steady
microstructural change was observed, for example, in the
curves of the 1.4541 at 368 MPa and the 1.4550 at 285 MPa. If
the bending stress was increased further, the amplitude
increased from the onset of the test. At the same time, it was
observed that as the bending stress increases, the gradient of the
amplitude change increases. Thus, with a known number of
cycles, it could be possible to classify the previous load
spectrum based on the difference in amplitude between two
measurements. This can be seen in particular in the 1.4301
batch2, the 1.4541 and the 1.4550 from the 3-4 different
amplitude curves. The 1.4550 shows a significant amplitude
increase of 93% after 500,000 cycles at 315 MPa. At 330 MPa,

Fig. 8 XRD diffractograms after 29% elongation of the tensile specimens
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however, the 1.4550 specimen broke after approx. 40,000
cycles, which means that no ex-situ test could be performed.
From the curves of the 1.4301 batch2 and the similarly high
amplitude change up to fracture of approx. 27%, it is evident
that the amplitude change is dependent on both the load
amplitude and the number of cycles, and thus on the
accumulated applied deformation energy, but also on any
temperature increases that occur at high bending stresses. In
addition, the difference between the number of cycles of the last
measurement and the number of cycles to fatigue failure must
be taken into account when comparing the amplitude change, as
significant signal changes can occur just before failure.

If an excessively high loading amplitude is selected for the
material, fracture occurs within comparatively low numbers of
cycles, although the amplitude of the 1st harmonic shows only
slight changes. An exemplary curve with 6.7% amplitude
change can be observed for the 1.4301 batch1 at a bending
stress of 496 MPa. In the case of the 1.4541, on the other hand,
the bending stress was increased to 380 MPa, resulting in a
fracture after 91,000 cycles and an amplitude increase at 50,000

cycles of only 4.7%. In the case of the 1.4305, however, a 20%
change in amplitude at 400 MPa was detected after 200,000
cycles before fatigue failure. It should be noted in this context
that the change could be more pronounced shortly before
fracture, but can only be detected with in-situ testing. A
possible explanation for the small amplitude change of the
1.4301 batch1 and 1.4541 could be the temperature increase of
the specimen during the rotating bending test, which increases
with the bending stress and the number of cycles. At higher
specimen temperature, less driving force for phase transforma-
tion is present. There is an indication of this for the 1.4541, as it
already shows significant changes in the amplitude at a bending
stress that is 12 MPa lower than the highest bending stress of
380 MPa. Temperature measurements during the tests were not
performed. However, the influence of temperature on marten-
site formation was clearly demonstrated in [2, 14-16]. Further-
more, none of the fatigued specimens showed a tempering color
on the fracture surface, which is characteristic for stainless steel
due to the oxide layer formation as a function of the
temperature.

Fig. 9 Change in 1st harmonic amplitude as a function of bending stress and number of cycles for the different materials evaluated
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The different transformation behavior of the alloys gives a
first indication of their potential as material sensors. It is
important that the material exhibits a large difference between
the bending stress at which a relevant change can be detected
and the stress at which fatigue failure occurs.

Following fatigue fracture or reaching 500,000 cycles, XRD
measurements were also performed. The specimens that
exhibited fatigue strength did not show martensite reflexes.
As discussed in chapter 4.1, the detection of solely austenite
reflexes does not mean that 0% martensite is present [13, 30]. In
particular, stress-induced martensite formation is to be expected
at the loads close to the fatigue strength. In [14], a martensite
content of approx. 3% was determined for 1.4541 using eddy
current testing technology after moderate stresses leading to 2
million cycles. Moreover, in [4], a magnetic indication of 4%
for 1.4301 was measured by means of a Feritscope during
tensile-compression tests in the LCF range.

An overload of the rotating bending specimens could be
detected for the materials 1.4301 batch2, 1.4305, 1.4541 and
1.4550 on the basis of the amplitude change. Additionally, the
material 1.4301 batch1 also exhibit an amplitude change until
fracture, which, however, is smaller and also only occurred at
loads that lead to fatigue fracture, and thus to strain-induced
martensite formation. With regard to the estimation of austenite
stability on the basis of Md30, MS and cSF, the 1.4301 batch2
and 1.4541 should have shown the greatest change in
microstructure, followed in order by the 1.4550. In the
investigations, however, the 1.4541 had a significantly greater
austenite stability than the 1.4301 batch2 and the 1.4550. In
comparison, the two batches of 1.4301 have a lower stacking
fault energy, due to the low carbon and the high nitrogen
content. In particular, the nitrogen content accounts for the
largest difference between the two batches, whereby the content
of the 1st batch is at the maximum allowable upper limit of the
material. Furthermore, this is also the reason for the low Md30

and MS temperatures. At the same time, this demonstrates the
significant batch influence, as the difference between these
batches is larger than to the other alloys. In summary, 1.4541
theoretically exhibits a low austenite stability, because in
comparison it has the lowest Cr, Cu and N contents as well as a
low C content. Thus, using the 3 parameters, a first indication
of the metastability, e.g., for the 1.4301 batch2, can be
obtained, but for the actual selection of the material, experi-
ments have to be carried out.

With statistically validated amplitude curves and smaller
steps between the selected bending stresses, and taking into
account the ambient and specimen temperature, a material-
specific critical threshold can be derived for the signal change.
If the critical threshold is exceeded, it can be assumed that the
structural integrity of the component is affected. With regard to
the material behavior and the maximum amplitude change, the
materials 1.4301 batch2 and 1.4550 or rather their chemical
composition should also be preferred for cyclic loading.

One aspect that needs to be investigated further is the
sequence of different loading amplitudes, as already pointed out
in [2]. If pre-strengthening occurs during typical loading or a
slightly higher non-critical loading, the subsequent microstruc-
tural change at a higher critical loading amplitude is less
pronounced, leading to an underestimation of the fatigue state.
In addition, it is of interest which possible microstructural
changes, such as dislocation annihilation, occur in response to
overloading in the subsequent typical loading condition.

In addition, an electromagnetic in-situ testing for the
detection of microstructural changes is needed to collect
high-quality information on the material behavior directly
during the overloads. In the case of the test data from the
specimens that exhibited fatigue failure below 500,000 cycles,
only a snapshot is possible in each case due to the defined cycle
numbers. This means that there may be significant amplitude
increases in the subsequent cycles, but these cannot be seen in
Fig. 9. As a result of crack initiation, strain-induced martensite
formation also occurs, whereby a significant amplitude change
can be expected within a few additional cycles. Nevertheless,
an overload could be detected with a periodic inspection, e.g.,
every 50,000 cycles, although the intervals should not be too
long to avoid missing critical events. An exemplary limit at
which critical damage occurs could be an amplitude increase of
5%, taking into account the results from Fig. 9.

5. Conclusions

In order to find a suitable metastability for a material sensor
that exhibits structural changes early before fatigue fracture,
quasi-static tensile tests and cyclic rotating bending tests were
carried out with the austenitic stainless steels 1.4301 batch1 and
batch2 as well as the 1.4305, 1.4541 and 1.4550. For the
detection of microstructural changes, magnetic inductive testing
with analysis of higher-harmonic signal components and
conventional eddy current testing were used in-situ in the
tensile test and ex-situ in the rotating bending test after defined
numbers of cycles. The following conclusions can be drawn:

• The materials 1.4301 batch2 and 1.4550 showed the high-
est electromagnetic signal change, and thus also the lowest
austenite stability both in the tensile test and under cyclic
bending stress. Due to the better mechanical properties,
1.4301 batch2 should be preferred.

• The order of the austenitic stainless steels tested was simi-
lar in terms of transformation behavior in both tests. Thus,
the tensile test combined with in-situ electromagnetic test-
ing appears to have potential as a suitable benchmark test
for austenite stability. Regarding the estimation of austen-
ite stability based on calculated values of Md30, MS and
cSF, it was shown that comparative benchmark tests are
necessary to validate these parameters.

• The microstructural changes in the tensile tests could be
validated with the aid of XRD measurements. In contrast
to the changes in the electromagnetic signal from the
rotating bending tests, no martensite was detected by
XRD. This indicates a low level of martensite formation,
particularly at stress amplitudes close to fatigue strength.

• With regard to the cyclic bending stress, an overload of
the specimens could be detected for the materials 1.4301
batch2, 1.4305, 1.4541 and for the 1.4550 on the basis of
a significant amplitude change. At low bending stresses,
uncritical for structural integrity, no increase in amplitude
was measured.

• Unless the austenite stability of the alloy is too high, a
periodic inspection, e.g., in the case of the rotating bend-
ing tests every 50,000 cycles, can be used to assess the fa-
tigue state based on the amplitude of the electromagnetic
test. If no increase of amplitude is measured, no critical
overload has occurred. If, on the other hand, a critical
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overload has occurred, an increase in amplitude due to
martensite formation is measured. The maximum accept-
able increase of amplitude must be determined on the ba-
sis of practical tests.

• It has been observed that as the bending stress increases,
the gradient of the change in amplitude over the number
of cycles increases as well. Thus, with a known number
of cycles, it could be possible to classify the previous load
spectrum based on the difference in amplitude between
two measurements. However, further tests must follow,
e.g., to include the influence of the load sequence.

• For the production of material sensors, the chemical com-
position must be accurately controlled. For instance, a
high austenite stability was observed for the 1.4301
batch1, whereas the lower nitrogen content of batch 2 re-
sulted in substantially different material response.

Funding

Open Access funding enabled and organized by Projekt DEAL.
This study was funded by the Deutsche Forschungsgemeinschaft
(DFG, German Research Foundation)—Project number
466760574 with the title ‘‘Load sensitive spline shaft with sensory
material‘‘. The project is part of the SPP 2305 with the project
number 441853410. The authors thank the DFG for financial
support.

Conflict of interest

The authors declare no conflict of interest.

Open Access

This article is licensed under a Creative Commons Attribution
4.0 International License, which permits use, sharing, adaptation,
distribution and reproduction in any medium or format, as long as
you give appropriate credit to the original author(s) and the source,
provide a link to the Creative Commons licence, and indicate if
changes were made. The images or other third party material in this
article are included in the article’s Creative Commons licence,
unless indicated otherwise in a credit line to the material. If
material is not included in the article’s Creative Commons licence
and your intended use is not permitted by statutory regulation or
exceeds the permitted use, you will need to obtain permission
directly from the copyright holder. To view a copy of this licence,
visit http://creativecommons.org/licenses/by/4.0/.

References

1. R. Gansel, S. Zwoch, C. Heinrich, A. Lohrengel, H.J. Maier, and S.
Barton, Identification of Overloads on Splined Shafts by Means of
Eddy Current Testing Technology, Papers of the ECNDT 2023, Res.
Rev. J. Nondestruct. Test., 2023, 1(1), p 1-6. https://doi.org/10.58286/
28069

2. V. Schoß, Martensitische Umwandlung und Ermüdung austenitischer
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