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Abstract
The goal of the present study is to examine the applicability of non-destructive magnetic hysteresis loop technique and Hall
effect sensor to characterize the strain induced α′-martensite in an austenitic stainless steel. For this purpose, eight different
levels of tensile deformation, from 0.05 to 0.44 true stain values, were applied and corresponding induced martensite fractions
were determined, using X-ray diffraction method. Finally, magnetic hysteresis loop and Hall effect methods were applied.
Results show that major outputs of hysteresis loop (maximum flux density, retentivity and coercivity) and Hall effect (real
part, imaginary part, modulus and phase angle for the 3rd harmonic) are significantly affected by variations in the induced
martensite fraction. Besides, a new parameter, amplitude and shape of raw received signal, was used in this study. The
established relationships with high correlation coefficients between electromagnetic outputs and martensite fraction indicate
the potential of the proposedmethods to be used for detecting the microstructural changes in AISI 304 stainless steel subjected
to different strains.
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1 Introduction

Austenitic stainless steels are utilized in many industrial
applications due to their high corrosion resistance and forma-
bility. Ductility, strength, resistance to stress corrosion crack
and sensitization of the austenitic stainless steels are influ-
enced by deformation induced martensitic transformation in
the metastable austenite phase [1–4]. Stability of these steels
depends on their chemical composition, temperature, grain
size and strain state [4]. Although two potential martensite
phases of α′ and ε with BCC and HCP structures respec-
tively can be transformed from austenite, the amount of α′
formation is significantly greater than ε phase [1]. As a result,
variations of the steel properties due to the deformation has
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been mostly attributed to the presence of α′ phase. Although
transformation of austenite into α′ results in a great com-
bination of ductility and strength, it inversely degrades the
corrosion resistance, in particular, resistance to stress corro-
sion crack and sensitization [3]. Sensitization of austenitic
stainless steels, due to the depletion of alloying elements,
results in the formation of martensite along grain boundaries
[5] which greatly affect corrosion resistance of the mate-
rial. Therefore, quantitative evaluation of α′ is of a great
importance concerning degradation of austenitic stainless
steels.

Conventionally, the amount of α′ is measured, quan-
titatively, by X-ray diffraction (XRD) method [1, 4,
5], electron backscatter diffraction (EBSD) and optical
microscopic observations [6, 7]. The mentioned methods
are destructive, expensive and time consuming. Besides,
they cannot be employed for 100% inspection pro-
cess. In contrast, non-destructive techniques are cheaper,
faster, and have the ability to be applied in quality
control of mass production lines as an efficient tool
[8].

Magnetic non-destructive techniques such as hysteresis
loop (HL), Barkhausen noise (BN) and eddy current (EC)
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have been used, particularly, in characterization of various
microstructural changes in ferromagnetic steel parts [9–12].
Formation of the ferromagnetic strain-induced martensite
phase in paramagnetic austenite matrix enables the mag-
netic non-destructive evaluation (NDE) methods to be used
as the characterization tools in stainless steels. Coercivity
as one of the HL outputs has been investigated to detect
the martensite phase variations in SS404 austenitic stain-
less [13] and duplex UNS S32304 [14] steels submitted
to cold-working. Application of EC technique for assess-
ment of martensite transformation has been also reported for
cold worked AISI 321 stainless steel [15–17]. MBN method
has been also introduced to quantitatively measure strain-
induced martensite fraction in AISI 304 [17–20] and 301
[21] stainless steels under tensile loads. Variations of elec-
tromagnetic properties obtained from HL and EC techniques
with respect to the changes in martensite volume fraction
have been also investigated in rolled austenitic steels of the
300-series during reverse transformation of martensite to
austenite [22–24].

Besides, recent researches show that the various parame-
ters extracted from Fourier transform of input signal of the
electromagnetic methods, such as EC, provide important and
beneficial information about the magnetic properties, which
in turn, could be used to characterize related microstructural
features [25–28].

In this paper to characterize the strain induced martensite
transformation in austenitic stainless steels, a new magnetic
NDE approach has been proposed based on monitoring the
magnetic flux leaks from the sample’s surface subjected to
the an external magnetic field. Whereas, most related studies
in this field have been limited to the applications of theMBN,
HL and EC methods. The main specifications of the present
paper are as follows:

– A new feature of the Hall effect sensor, that indicates
the deviation degree of the output signals from the linear
state, has been introduced as a useful magnetic parameter
in nondestructive characterization of steels. This output
parameter represents a significant dependence on amounts
of strain-induced α′-martensite created in the austenitic
stainless steel.

– The relationships among the characteristics of the Hall
effect sensor output and features extracted from hysteresis
loop have been evaluated.

– Appling the Fourier transform to the raw signal of
Hall effect sensor, important characteristics including
real/imaginary parts, relative modulus and phase angle of
the first three odd harmonics were determined to be eval-
uated as a function of martensite fraction changes.

Table 1 Chemical compositionof theAISI 304used in this investigation

Element C Cr Ni Mn Cu Si P Fe

Wt% 0.056 16.78 8.719 1.350 0.428 0.598 0.041 Bal.

2 Experimental Procedure

2.1 Sample Preparation and Conventional
CharacterizationMethods

Eight tensile specimenswere prepared from2mm-thick sheet
of AISI 304 austenitic stainless steel, according to the ASTM
E8M standard (with 50.0 mm gauge length and 12.50 mm
gage width) [29]. The chemical composition of the steel has
been presented in Table 1. All the samples were solution
treated at 1095 °C for 1 h, and water quenched to room
temperature to prevent any carbide precipitation during cool-
ing. To produce different amounts of martensite, the samples
were subjected to 0.05, 0.1, 0.15, 0.25, 0.3, 0.35, 0.4, 0.44
true strain values using a Zwick/Z250 tensile testingmachine
with an average strain rate of 0.002 s−1.

Optical microscopic observations were carried out on the
test samples. All samples were electro polished for 40 s at
18 V in an electrolyte bath consisting of 110 ml perchlo-
ric acid, 180 ml ethanol and 710 ml methanol. The Beraha’s
reagent (0.5 g potassiummetabisulfite, 20mlHCl and 100ml
distilled water) was used to reveal martensite phase in the
steel microstructures, and the solution of 60%HNO3 in 40%
distilled water was employed for etching the grain bound-
aries. To determine the volume fraction of α′-martensite,
XRD quantitative analysis was carried out using Philips
X’pert diffractometer with Cu Kα radiation. The quantita-
tive amounts of α′-martensite phases were calculated using
Eqs. (1) and (2) presented in the ASTM E975-13 standard
[30].
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where n, I and Ri are the number of peaks for each phase, the
integrated intensity of the reflecting plane and the material
scattering factor (Ri), respectively. Values of Ri were calcu-
lated from Eq. (2), where V is the volume of unit cell, F is
the structure factor, p is the multiplicity factor and e−2M is
the temperature factor.
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Fig. 1 Schematic block diagram and U-shaped magnetic sensor/Hall effect sensor of the NDE system proposed for characterizing the martensite
fraction

2.2 Nondestructive CharacterizationMethods

Magnetic hysteresis loop (HL) and Hall effect (HE)
techniques, were used to determine the electromagnetic
responses to the formation of strain-induced martensite
under the external magnetic field. The schematic block dia-
gram of the whole system is depicted in Fig. 1. For both the
HE and HL measuring systems, the same two concatenated
exciting coils with 1500 turns of fine copper wire were used
to magnetize the samples. Each of these coils was wound
on an arm of a U-shape yoke and a triangular waveform
was used to drive them. The amplitude and frequency of
the waveform (0.1 Hz) could be adjusted in a LabVIEW
program. A two-stage bi-polar amplifier, which is originally
designed and utilized for this project, was used to amplify
the current of the waveform received from the Advantech
PCI-1720U-AE D/A conversion card analog port. The
amplifier can provide 1 A current, which guaranties the
samples would be magnetically saturated.

In the HL system, two in-series sensing coils with 1000
turns of finer copperwirewoundon the aforementioned yoke,
were used to measure the induced magnetic field. In order to
measure the surface field in the HE method, a Hall sensor
(HW-108C) was located 1 mm above the sample. The out-
puts of the sensing coils and Hall sensor were fed to the
Advantech PCI-1714UL-BE A/D conversion card and sam-
pledwith the depth of 12 bits and the sampling rate of 500Hz.
In order to obtain the B-field, the induced voltage (emf) is
time-integrated and scaled using a MATLAB program. The
H-field is determined by scaling the driving current ampli-
tude, taken from the LabVIEW program. H and B-fields are
then used to depict the hysteresis loop.

Besides, the raw HE signals are processed using a MAT-
LAB signal processing program. Peak-to-peak amplitude
values (Vp-p) and the slopes of the raw HE signals at zero-
crossing points were used to classify the samples. Finally,
Fourier transform of the input signal was used to determine
the real/imaginary parts, relative modulus and phase angle
of the first three odd harmonics (3rd, 5th and 7th). These
parameters are defined in Eqs. (3)–(6) [31].
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where x j
HE (t) is the hall sensor signal for the jth sample, FFT

[.] is a function that computes the Fast Fourier Transform
(FFT) of its input signal and fi is the frequency of the ith
harmonic.

3 Results and Discussion

3.1 Microstructural Characterization

Figure 2 shows optical microscopic images from the samples
subjected to different amounts of strains. As shown in Fig. 2a,
a few dark areas representing α′-martensite (strain-induced
martensite) phase in light austenitic matrix are observed even
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Fig. 2 Optical micrographs showing α′-martensite phase formed in the samples under true strain values of a 0.05, b 0.15, c 0.25, d 0.35, and e 0.44

after 0.05 true strain. Comparing the Fig. 2a–d indicates that
as the deformation proceeds thin martensite laths are ran-
domly formed within the austenitic grains and finally, for the
sample with 0.44 strain (Fig. 2e), extensive transformation is
observed.

XRD spectra of the samples submitted to various strains
have been presented in Fig. 3. As it can be seen, by applying
the first step of plastic deformation (true strain of 0.05), in
addition to the four characteristic austenite peaks correspond-
ing to 2θ angles of 43.47°, 50.67°, 74.67°, and90.67°, another
peak is also created at 44.67°. This is related to (110) plane of
α′ martensite. Applying 0.1 true strain, two other peaks cor-
responding to (200) and (211) planes of α′ martensite phase
have been respectively created at 2θ angles of 65.02° and
82.33°. Figure 3 clearly shows that as the strain increases,
the intensity of the peaks associated with the martensite
phase increases, while the peaks of the austenite phase are
reduced. The quantitative values of martensite fraction cal-
culated using Eqs. (1) and (2) (defined in 2.1 section) have
been demonstrated in Fig. 4. As it can be seen, increasing the
strain from 0.05 to 0.44, results in an increase of the volume
percentage of inducedmartensite fraction from 8.8% to 80%.
Figure 4 also indicates an increase in hardness as a function
of true strain due to the enhancement of martensite volume
fraction. Martensite is a harder phase than austenite, and as
a result, the hardness of sample increases with plastic defor-
mation. The hardness of samples increases from 173 (α′ �
9%) to 389 Vickers (α′ � 80%). Similar results have been
reported by Mészáros and Prohászka [32].

Fig. 3 XRD patterns for the samples under various true strains
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Fig. 4 Variations ofmartensite percentage estimated fromXRDpatterns
and hardness with true strain

3.2 Non-destructive Evaluations

Figure 5 demonstrates the variations of HL outputs as a func-
tion of martensite fraction induced in austenitic matrix of the
test samples. As it can be seen, the same increasing trend
has been obtained for all the HL outputs. This is attributed
to the more favourable response of ferromagnetic martensite
phase to the appliedmagnetic field compared to the paramag-
netic austenite one. Therefore, a strongermagnetic behaviour
is expected in magnetization curve of the samples contain-
ing higher volume percentages of the martensite phase. This
changes in magnetic response increases the max. flux den-
sity (Bmax) as well as retentivity (Br) and coercivity (Hc)
of the samples. In cold worked austenitic stainless steels,
three phases, with different magnetic properties, are pre-
sented. These phases include austenitic matrix, ε-martensite
which forms on close-packed (111) planes in the austen-

ite with HCP crystal structure and the BCT α′-martensite
which forms as plates with (225) habit planes in groups
bound by faulted sheets of austenite on (111) planes [33, 34].
Fourlaris andGladman [35] by characterizingmicrostructure
of a 302 type metastable austenitic stainless steel subjected
to 18% cold deformation, indicated that magnetic domain
boundaries are only present within the lath region of an α′-
martensite packet area, whereas paramagnetic austenite and
ε-martensite regions are free of domain boundaries. Obvi-
ously, increasing the size and amount of martensitic clusters
at larger strains, higher volume of the material is subjected
to domain wall movement.

The raw outputs of the Hall sensor versus time have been
shown in Fig. 6a, for eight samples with different marten-
site volume fraction. As the figure shows, these signals have
different amplitudes and hence, the peak-to-peak amplitude
values (Vp-p) could be used to distinguish the samples.
Moreover, for different samples, the slopes of the curves at
zero-crossing points are not the same. Therefore, it is also
possible to utilize these values to discern samples with dif-
ferent martensite volume fractions. To do so, time derivative
of the Hall sensor signal would be used. Figure 6b shows that
the depth of the valleys corresponding to the zero crossing
points (β), clearly depends on the martensite fraction of the
samples.

The variations of Vp-p and β with respect to the marten-
site fraction have been presented in Fig. 7. The increasing
trend of Vp-p and β obtained from the raw triangular signals
is, respectively, due to the higher amount of magnetic flux
sensed by the HE sensor and higher amounts of Br and Hc
for samples with higher volume fraction of martensite. For
both Vp-p and β, high correlation coefficients (R2 � 0.93 and

Fig. 5 Variations of HL outputs
including Bmax, Br, and Hc, as
a function of martensite fraction
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Fig. 6 a Induced voltage (V ind) and b its time derivative (dVind/dt) as a function of time, for samples subjected to the various stains (with different
amounts of martensite fraction)

Fig. 7 Variations of a Vp-p and b β, as a function of martensite per-
centage

Fig. 8 Fourier transform amplitude of the Hall sensor signal for 3rd, 5th
and 7th harmonics for five samples with different martensite fraction

R2 � 0.98, respectively) have been obtained from the linear
regression.

Amplitude of the Fourier transform of the Hall sensor sig-
nal for odd harmonics as a function of frequency is also
presented in Fig. 8. The first harmonic relates to the main
applying frequency, and other odd harmonics may be formed
due to the presence of a ferromagnetic material in the vicin-
ity of the applied magnetic field. In fact, the presence of
odd harmonics is influenced by the degree of nonlinearity of
hysteresis loop and the magnitude of applied magnetic field
[21]. Therefore, it can be concluded that the HE outputs are
affected by the magnetic hysteresis behavior of the samples.
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Fig. 9 Variations of a imaginary part, b real part, c relative phase angle, and d relative modulus value for the 3rd, 5th and 7th harmonics and
e normalized values of the parameters for the 3rd harmonic, as a function of martensite volume fraction

The relationships between values of the real and imagi-
nary parts as well as relative modulus and phase angle of 3rd,
5th and 7th harmonics and martensite percentage have been

depicted in Fig. 9. The figure indicates that apart from the
phase angle (Fig. 9c), for the other parameters, the values
obtained from harmonic 3 could be used to successfully dis-
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tinguish samples. For phase angle variations, the values for
all the harmonics have been varied significantly, as a result of
increasing in martensite fraction. Besides, the high correla-
tion obtained from linear relationships for the real part (R2 �
0.97), imaginary part (R2 � 0.85), phase angle (R2 � 0.91)
andmodulus value (R2 � 0.95) of harmonic 3 show the capa-
bility of the harmonic analysis to determine the martensite
volume fraction.

In order to have a better understanding on the effect of
martensite volume fraction on the values of the real and
imaginary parts as well as modulus and phase angle of 3rd
harmonic, their normalized values were evaluated by divid-
ing the values of each parameter to the one for the samplewith
minimum martensite percentage (8.8%). Figure 9e shows
the increasing trends for all the normalized parameters with
martensite fraction. Considering Eqs. 7 and [8], it can be con-
cluded that increasing in magnetic permeability (μ) results
in increasing of induction resistance (X ) which is equal to
the value of imaginary part. Besides, formation of martensite
phase in austenitic matrix causes an increase in the resistance
[36]. Therefore, higher values of X and R (which is equal to
the real part amplitude) could be achieved for the samples
containing higher martensite phase.

X � 2π f
(
μN 2A

/
l

)
(7)

where f is the frequency, μ is the magnetic permeability, N
is the number of turns around the coil, A is the cross-section
area and l is the coil length. Considering Eqs. (8) and (9)
and Z � R + j XL ( [28], the increasing trend of modulus
and phase angle with martensite fraction is justified. The
ascending trend with low slope for phase angle is due to the
dominant effect of the imaginary part.

modulus (Z) � abs (Z) �
√
[real (Z)]2 +

[
imaginary (Z)

]2

(8)

phase angle (Z) � �(Z) � tan−1
[
imaginary (Z)

real (Z)

]
(9)

From practical point of view, it should be noted that the
excitation and sensing coils and Hall effect sensor could be
banded together in a single probe to simultaneously mea-
sure all required electromagnetic parameters. Besides, in the
data analysis phase, in addition to the separate correlation
among each parameter and martensite fraction, fusion of all
parameters could also provide higher prediction accuracy.
As a limitation of the proposed method, one can notice that
it could be used only for the austenitic stainless steel sam-
ples with a constant thickness and chemical composition.
However, since in themass production of industrial products,
thickness and chemical composition of the parts are constant,
this is not an important limitation.Moreover, if any change in

thickness and chemical composition is occurred, only a sim-
ple new calibration needs to be performed to accommodate
the new conditions.

4 Conclusion

The aimof the present investigation is to evaluate the relation-
ships between the microstructural changes induced in AISI
304 stainless steel submitted to the various amounts of ten-
sile loads and their corresponding magnetic properties. The
most important results are as follow.

1. Applying strain from 0.05 to 0.44 by tensile testing cre-
ates strain-induced martensite from 8.8% to 80%.

2. Increase in amount of ferromagnetic martensite phase in
paramagnetic austenite matrix increases all the outputs
extracted from magnetic hysteresis loop (maximum flux
density, retentivity and coercivity).

3. The amplitude and shape of the received raw signal from
Hall effect sensor are affected by increase in induced
martensite volume fraction. Besides, the depth of valleys
in the time derivative of Hall sensor signal (at HE sig-
nal zero crossing points) is found as the optimum NDE
parameter, which is suggested to be used for monitoring
the martensite fraction.

4. High correlation coefficients are also found between the
real part, imaginary part, relative modulus and relative
phase angle for the 3rd harmonic and martensite fraction.
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