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Abstract: This paper investigates the sensitivity of the Barkhausen noise technique against strain-
induced martensite in AISI 321 austenitic stainless steel. Martensite transformation was induced by
the uniaxial tensile test, and a variable martensite fraction was obtained at different plastic strains.
It was found that Barkhausen noise emission progressively increases with plastic straining, while
its evolution is driven by the martensite fraction in the deformed matrix. This study also demon-
strates that the uniaxial tensile stressing produced a certain level of stress and magnetic anisotropy
in the samples. The number of strong Barkhausen pulses increased for more developed strains,
whereas the position of the Barkhausen noise envelope remained less affected. This study clearly
demonstrates the good sensitivity of the Barkhausen noise technique against the degree of marten-
site transformation in austenitic stainless steel. Moreover, this technique is sensitive to the direction
of the exerted load.

Keywords: austenitic steel; plastic deformation; Barkhausen noise; martensite

1. Introduction

Austenitic stainless steels are well-known iron-based alloys that are widely used for
various applications because of their high strength, corrosion resistance and ductility. The
stability of austenite at room temperature is mainly due to the presence of austenite sta-
bilizers, such as Ni and Mn [1]. However, Cr and Mo elements are also important for their
acceptable level of corrosion resistance. Austenitic steels are high alloyed materials and
some of them are sensitive to strain-induced martensite transformations [2-5]. The pro-
duction of components made of austenitic stainless steels involves technological opera-
tions such as forming, machining, welding etc., which can alter the microstructure of aus-
tenite and/or initiate martensite phase transformation. In many cases, martensite phase
transformation is undesirable in terms of the functionality and operation of components.
Talonen et al. [6] provided an outstanding comparison of different methods for measuring
the strain-induced martensite content in austenitic steels, including X-ray diffraction, the
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satmagan method, in addition to density and optical measurements. The authors also re-
ported a method based on magnetic balance. The magnetic technique seems to provide
promising measurements, since the non-ferromagnetic austenite phase can be easily con-
trasted to ferromagnetic martensite. For this reason, the Magnetic Barkhausen Noise
(MBN) technique has also already been employed for such purposes. Hausild et al. [4]
compared different methods, including magnetic measurements, for monitoring strain-
induced martensite in AISI 301 austenite stainless steel. In a later study [3], the MBN tech-
nique was adapted to the assessment of a strain-induced martensite fraction under a bi-
axial stress state. Astudilo et al. [7] linked MBN in austenitic steel with strain-induced
martensite in AISI 304 after uniaxial tensile loading up to rupture. Kleber and Barroso [8]
applied the MBN technique for monitoring martensite fractions on the surface of AISI
304L steel after exposure to different shot peening conditions. The authors correlated the
MBN signals with the volume fraction of martensite and the depth of the treatment.
Tavares et al. [9] correlated MBN with the martensite/austenite ratio in stainless steel.

MBN originates from the irreversible and discontinuous domain wall (DW) motion.
Such motion is due to pinning the DW by various lattice defects, such as grain boundaries,
precipitates, dislocation cells, non-ferromagnetic phases etc. The DW discontinuous mo-
tion occurs as soon as the magnetic field exceeds a certain threshold, which is equal to the
pinning strength of pinning sites in the matrix [10]. For this reason, an MBN signal con-
tains information about the aforementioned microstructure features, as a result of their
interference with DW. Thus, the MBN technique can be employed in many applications
in which microstructure and/or stress state are altered or transformed [11-14]. On the
other hand, technological cycles usually alter the stress state and microstructure in terms
of their complexity, but the contribution of individual aspects to the MBN is usually dif-
ficult to detect. Therefore, MBN tends to ascend or descend along with a variable degree
of matrix alterations from the initial untouched state against which the MBN evolution
should be confronted. On the other hand, the application of MBN in monitoring the strain-
induced transformation of austenitic stainless steel could be very sensitive, since the MBN
value for untouched steel is zero. Certain background MBNSs, originating from the sensing
system or/and possible mechanical vibrations, should be considered. However, decompo-
sition and subtraction can occur [15]. The high sensitivity of MBN to the strain-induced
martensite fraction is linked with the idea that the total MBN acquired from the free sur-
face can be directly associated with process parameters and the corresponding martensite
fraction (and its properties). For this reason, this study deals with such a purpose, while
investigating MBN in austenitic steel as a function of plastic straining under uniaxial ten-
sion.

Stainless steels are used in food, oil, gas, and chemical industries [1]. Components
made of these steels are manufactured via a variety of technological operations which
alter the microstructure and the corresponding functional properties of the steel. For this
reason, the employment of the MBN technique for monitoring components made of aus-
tenitic steels (especially with respect to the strain-induced phase transformation) would
beneficial. AISI 321 steel is used for the production of components in ventilation systems.
These components undergo plastic deformation in order to modify their shape and di-
mensions. A preliminary study assessing real industrial production demonstrated the
presence of strain-induced martensite transformation by using the MBN technique. In or-
der to provide true information about the degree of strain-induced phase transformation,
the calibration procedure (as presented in this study) should be carried out to correlate
MBN signals with the fraction of martensite (by the use of conventional techniques based
on X-ray diffraction measurements and/or metallographic observations).

2. Materials and Methods

Experiments were carried out on the AISI 321austenitic cold rolled stainless steel. The
samples illustrated in Figure 1 were cut from a sheet of 2 mm thickness (in the direction
of cold rolling). The final shape of the samples was produced by milling cycles (by the use
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of a cutter with rounded inserts —10 mm in diameter). The nominal chemical composition
is indicated in Table 1. Nominal mechanical properties of AISI 321 were as follows: ulti-
mate strength 540 + 680 MPa, yield strength 202 + 220 MPa and hardness 88 HRB. The
stress—strain curve of the investigated AISI 321 sample is shown in Figure 2.

The samples—as illustrated in Figure 1 —were subjected to uniaxial tensile stressing
in order to initiate and develop strain-induced martensite transformation by the use of the
Instron 5985 device. The samples were tensile pre-strained (cross-head speed 1 mm-min-!
and the corresponding initial strain rate 0.33 x 10 s™) at different plastic strain values as
follows: 5, 25, 35, 45, 55 and 60%. The values of the plastic strains were selected during the
preliminary phase of the investigations when the MBN values were measured along the
whole stress—strain curve.

Convectional non-destructive XRD (X-ray diffraction technique) as well as metallo-
graphic and SEM (electron backscattered diffraction: EBSD) observations were employed
in order to correlate the measured changes in the MBN signals (and the extracted MBN
parameters) with the microstructural changes.

The microstructures of all pre-strained samples were documented by light micros-
copy after electro-polishing at 45 V in 10% perchloric acid solution in ethanol mixed with
5% Nital (in proportion 1:1). After electro-polishing, the martensitic phase was darker, so
the martensite volume fraction could be estimated by digital image analysis (using a sim-
ple threshold method). The detailed microstructure was then revealed by etching ina 1:1:1
solution of H20O, HCI and HNOs and observed using a Neophot 32 light optical micro-
scope.

Table 1. Chemical composition of the 321 austenitic stainless steel (wt. %).

Fe C Mn Cr Ni S P Si Ti
bal. 0.08 2 18 10.5 0.03 0.045 1 5xwt.C
o . J
------ 20 MIN - e 1O M e i e et s i i
Y

Direction of cold rolling
N

« 30 mm Direction of tensile loading

250 mm

Figure 1. Illustration of the samples employed in plastic straining.
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Figure 2. Stress—strain (engineering) curve of AISI 321, strain rate 0.33 x 103s™..
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An increase in the martensite fraction with increasing deformation was investigated
by the electron backscattered diffraction (EBSD) method. The samples were cut from the
middle of the active zone and mechanically ground and polished with a decreasing parti-
cle size down to 0.05 pum. Subsequently, the samples were analysed using a scanning elec-
tron microscope (SEM) Auriga Compact equipped with an EDAX EBSD camera. EBSD
mapping was performed with a scan size 200 x 200 um? and a resolution of 0.2 pm. The
raw datasets were partially cleaned by one step of confidence index standardization, one
step of phase neighbour correlation and one step of grain dilatation using OIM TSL 7.3
software.

MBN signals were acquired by the use of the RollScan 350 device and these signals
were analysed in the MicroScan 500 software. DW motion was initiated by altering the
magnetic field of sine profile, frequency 125 Hz and amplitude 16 V (frequency recorded
MBN pulses in the range of 10 to 1000 kHz, 10 bursts). MBN refers to the effective (rms)
value of the acquired MBN signal. MBN measurements were carried out in the rolling
direction, which corresponds to the direction of the tensile stresses (angle 0° in the angular
dependences) as well as the transversal direction (angle 90° in the angular dependences).
Moreover, the angular dependence of MBN was also investigated using the sensor rota-
tion with a step of 22.5°. Apart from the effective value of MBN, further parameters were
also extracted, such as the number of detected MBN pulses and the peak position (PP). PP
corresponds to the magnetic field strength in which MBN envelope attains the maximum.

The X'Pert PRO MPD diffractometer was used to measure lattice deformations in the
austenite and the martensite phase of the iron using MnKa and CrKa radiation with an
average effective penetration depth of approximately 4 um and 6 um, respectively. Dif-
fraction angles 20"% were taken as the centre of gravity of {311} diffraction doublet MnK«a
and {211} diffraction doublet CrKa. To determine residual stresses, the Winholtz and Co-
hen method and X-ray elastic constants ¥s2=7.18 TPa™, s1=-1.2 TPa™ and V2s2=5.75 TPa,
s1=—1.25 TPa were used for the austenite and the martensite phase, respectively. Phase
compositions, crystallite size (the size of coherently diffracting domains), and microdefor-
mation were determined from the X-ray diffraction (XRD) patterns obtained using cobalt
radiation and subsequent Rietveld refinement, performed in MStruct software (used for
the fitting of the measured XRD patterns). The effective penetration depth of the XRD
measurements was 1-5 um.

The microhardness (HV1) was measured using an Innova Test 400TM tester by ap-
plying a 1000 g force for 10 s. Microhardness values (as well as the standard deviations)
were obtained from five repeated measurements.

3. Results
3.1. Metallographic and EBSD Observations

The microstructure, after plastic pre-straining, is illustrated in Figure 3 and 3a (for ¢
=5%), showing the austenitic equiaxed grains without any evidence of martensite. On the
other hand, Figure 3b (for ¢ = 25%) clearly depicts the martensite phase formed in the
austenite matrix. The volume fraction of the martensite phase increases with increasing .
It is generally considered that the preferential sites for martensite nucleation can be found
at the intersection of shear bands [16].



Metals 2021, 11, 429

5 of 14

U]

Figure 3. Evolution of microstructure from austenitic to austenitic-martensitic after different levels
of plastic pre-straining. (a) € =5%, (b) € =25%, (c) € =35%, (d) &€ =45%, (e) € =55%, (f) € = 60%.

The EBSD technique provides a better colour contrast; Figure 4 demonstrates the in-
itial green austenite phase contrasted to the red martensite one. Figure 4 also shows that
the volume of martensite progressively increases with the increasing ¢. Additionally, the
number and size of the martensite localised islands continually increases with the increas-
ing ¢. The increasing number of martensite localised regions is due to the increasing den-
sity of the shear band intersections during strain hardening of the austenite matrix.

(@) (b)

Figure 4. Electron backscattered diffraction (EBSD) phase maps for the different plastic strains,
austenite—green colour, martensite—red colour. (a) € =35%, (b) € =60%.
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The hardness of the matrix gradually grows (see Figure 5), owing to the increasing
fraction of hard martensite and the superimposing contribution of the increased disloca-
tion density in austenite.
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Figure 5. The influence of plastic straining on hardness of AISI 321.

3.2. The XRD Measurements

Figure 6 demonstrates a fraction of the strain-induced martensite phase embedded
in the austenite as being nearly the same with respect to the techniques employed for such
a purpose. The XRD and EBSD techniques show a progressive increase in the martensite
fraction along with the increasing «.

In the case of metallographic analysis, the martensite volume fraction, fu, can be ex-
pressed by the Shin’s equation [17]:

fn =1—exp(=B - &p1) )

where &, is the plastic strain, f (=1.9) is the stability parameter and n (=2.6) is the defor-

mation mode parameter.

—=— methallography
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—v—XRD - 90° 7y
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Figure 6. Martensite weight fraction versus ¢.

The presence of different phases and the corresponding phase partitioning is very
important, since the alterations of the phases, along with the different degree of plastic
straining, significantly differ from those observed in single-phase materials [1]. The main
distinction can be found in the strain hardening, which is not exclusively associated with
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slip dislocations, as the superimposing aspect of the strain-induced phase transformation
also plays a significant role.

For instance, component uniaxial tensile straining usually produces compressive re-
sidual stresses after unloading [18]. However, Figure 7 clearly illustrates that the marten-
site phase exhibits progressively decreasing compressive residual stresses versus ¢ in the
direction perpendicular to loading (90°), only if the direction of loading (0°) exhibits
mostly tensile stresses which also decrease versus ¢. The residual stresses in the austenite
phase and the loading direction remain nearly untouched, dropping down slightly with
¢ in the perpendicular direction. The low magnitudes of residual stresses indicate that the
phase transformations during plastic straining consume a high amount of the exerted en-
ergy along with sample rehardening.
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(a) (b)
Figure 7. Depth profiles of residual stresses. (a) martensite phase, (b) austenite phase.

Additionally, the changes in crystallite size —as shown in Figure 8a—only exhibit a
moderate evolution (apart from a quite remarkable initial decrease in austenite from ¢ =
5%). This figure depicts a minor decrease in the crystallite size in austenite, as the higher
€ occurs together with the slow growth of the crystallite size in the strain-induced mar-
tensite. On the other hand, microdeformation, in both phases, increases quite rapidly and
no valuable difference can be found among different phases and/or directions; see Figure
8b. The higher error in Figure 8b for the plastic strain of 25% is a result of the XRD patterns
fitting by the Rietveld refinement performed in the MStruct software. Such large errors
occur in the martensite phase only at lower strains, when the initial increase in the mar-
tensite phase fraction is initiated. This effect is governed by the low weight fraction of
martensite and the corresponding lower intensity of the diffraction peak for this phase.

70 ' L ' L L Ty 20 . | ! ! 1 X
sl ™ —a—austenite 0° $
—»—austenite 90° T 254 % L
= —s—martensite 0° = e
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] ;! o
B = e 5 101 r
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E %g/ = -g —=—austenite 0°
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0 10 20 30 40 50 60 0 10 20 30 40 50 60
& (%) £ (%)
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Figure 8. Crystallite size and microdeformation versus ¢. (a) crystallite size, (b) microdeformation.
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3.3. Barkhausen Noise Measurements

The preliminary phase of experiments revealed that the first MBN bursts above the
background MBN can already be found at the 5% plastic strain. It has already been re-
ported that the background MBN originating from the sensing system is usually very low
with respect to the MBN originating from the investigated surface. For this reason, its
fraction in the acquired MBN signal can be neglected. However, in this particular case, the
MBN emission (especially for ¢ = 5%) originating from the strain-induced martensite is
comparable with the white noise originating from the sensor and decomposition as that
reported in [15], which was carried out in order to obtain the pure MBN emission associ-
ated only with the strain-induced martensite.

Angular dependence of MBN, as a function of ¢, is illustrated in Figure 9. Apart from
& = 5%, the investigated surfaces exhibited a remarkable magnetic anisotropy. MBN pro-
gressively increases in all measured directions, along with the increasing plastic strains
and the corresponding fraction of strain-induced martensite (a certain saturation can be
found for ¢ = 55 and 60%). The distribution of the MBN measured in different directions
demonstrates that the MBN signals are composed of the isotropic component § associated
with the randomly oriented DW, and the anisotropic component a associated with the
180° DW, preferentially oriented in the loading direction.

] 5%

R —25%

800 1 35 %

600 ] —45%

] 55 %

;‘mﬂj —— 60 %
£ 200
B 2o
200
a
400
600 -
800
1000 |

Figure 9. Angular dependence of Magnetic Barkhausen Noise (MBN) for different ¢ values.

Such a distribution was reported by Krause et al. [19]. The authors introduced the
following equation for the angle-dependent MBN:

MBN = a - cos?(6 + ®) + 2

where 0 is the angle between the direction of magnetisation field and the easy axis of
magnetisation. Figure 10 shows that a low degree of magnetic anisotropy can be found
for & = 5%, when the isotropic component § dominates over the anisotropic one «, followed
by the increasing predomination of the anisotropic component for higher ¢ values.
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Figure 10. Evolution of isotropic and anisotropic components of MBN versus .

The MBN envelopes, such as those illustrated in Figure 11, correspond with the an-
gular dependence shown in Figure 11. The easy axis of magnetisation (0° direction) exhib-
its a higher MBN envelope maxima compared with the hard axis (90° direction). As soon
as ¢ attains 25%, the MBN envelopes for the 0° as well as 90° directions are shifted to the
lower magnetic fields. Moreover, the MBN envelopes for the 90° direction can be found
at higher magnetic fields compared to those for the 0° direction. For this reason, the cor-
responding PP for the 90° direction is also higher than that for the 0° direction. Figure 12
demonstrates that the anisotropy expressed by the PP parameter is quite weak for lower
values of deformation. For higher deformation values, the anisotropy increases and
reaches the saturation point.
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Figure 11. MBN envelopes for different ¢ and directions of measurement. (a) 0° direction, (b) 90°

direction.
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Figure 12. Angular dependence of peak position (PP) for different ¢.

An effective (rms) value of MBN can be calculated as follows:

1
rms = —-inz 3)
n .

where 1 refers to the number of MBN pulses and Xi their strength. Figure 13 demonstrates
that the MBN pulse distribution is remarkably altered by plastic strain. The high number
of weak MBN pulses and missing MBN pulses at values above 0.5 V for ¢ = 5% are in
contrast to the lower number of weaker pulses and plentiful MBN pulses in the range of
0.5 up to 2.5 V for ¢ = 60%. Therefore, MBN (its rms value) grows with an increasing ¢, as
a result of the increasing magnitude of MBN pulses. It is also worth mentioning that the
detected number of MBN pulses does not correspond to the individual DW signal pro-
duced by a single domain wall in motion, since domain wall jumping at a magnetising
frequency of 125 Hz occurs in the form of avalanches. Therefore, the electromagnetic
pulses produced by DW overlap, and the acquisition system is not capable of distinguish-
ing between the individual pulses, despite the sampling frequency of 6.6 MHz.

1000 N N N - L
——5%

100

10 o

Number of MBN pulses

' i, Ll ﬂ Uil :

00 05 15 2 5
MBN pulses height (V)

Figure 13. MBN pulses height distribution for different ¢, 0°direction.

One might argue that MBN in the 90° direction increases as a result of the decreasing
compressive stresses [20], as Figures 7a and 9 demonstrate (also see Figure 14b). However,
MBN in the 0° direction also increases versus &, while tensile stresses tend to decrease (see
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Figure 14a). Moreover, the decreasing stress anisotropy versus ¢ is controversial with re-
spect to the increasing MBN anisotropy shown in Figure 10. Such a finding indicates that
the influence of residual stresses on MBN is only of minor character, while the microstruc-
ture dominates. Bozoroth [21] reported that the influence of matrix inclusions (or defects)
in iron-alloys usually dominates over the stress, whereas the high value of magneto-
striction in nickel-alloys makes stress the predominant factor that affects the coercive force
and the corresponding DW in motion. Néel [22] proposed the following equation for cal-
culating the coercive force:

H.=K,-a+K, v, (4)

where g is the volume fraction of inclusions, and v is the fraction of the material that is
subjected to a large disturbing stress. Néel [22] calculated that Ki for iron is 360 and K
only 2.1, whereas Ki for nickel is 97 and Kz 330. Kondorskij [23] introduced the theory in
which the irreversible 180° domain walls motion is a function of stress fluctuation ¢ in the
lattice. Kondorskij reported that the magnetic field necessary for irreversible DW motion
grows with stress. The maxima of the field can be found when the DW thickness is equal
to the stress field radius, as indicated by Dijkstra and Wert [24]. For these reasons,
macrostresses play only a minor role, and the microstresses associated with the lattice
defects (microstructure) dominate, as Cullity and Graham also mentioned [25].

350 L L . . . 0 L L L .
T p,=-0.775,P = 0.070 o
"G- 3004 [ é?
a } PR L
s 2504 1 [ - .50 + )
¥ 200 ! L §
w [ 1
-1004 L
# 150 L 8 ok
— =l
- -
2 100 + L. 0
o @ 150
3 50 + + [ 3
=] g
) 0
£ ° &
50 L < p, = 0.872, P = 0.023
T T T T T T T T T T T T
0 200 400 600 800 1000 0 50 100 150 200 250 300 350 400
MBN (mV) MBN (mV)

(a) (b)

Figure 14. Correlation between residual stresses and MBN. (a) 0° direction, (b) 90° direction.

On one side, the increasing crystallite size can contribute to increasing the MBN.
However, Table 2 clearly shows that microdeformation and the corresponding micro-
stresses increase along with the increasing MBN. Such relationship is controversial, since
the increasing magnitude of local stress field should hinder the DW motion and decrease
the MBN. The increasing weight fraction of martensite prevails in this case and more de-
veloped local stress fields only play a minor role. Correlation coefficients for microdefor-
mations (Table 2) demonstrate that the factor plays no role in MBN evolution, and the
fraction of strain-induced martensite increases versus ¢ dominating (see Figure 15a as well
as Table 2).
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Figure 15. Correlation relationships of MBN for the direction 0°. (a) MBN versus volume fraction
of martensite, metallography, (b) MBN versus HV1.

It is worth mentioning, that the sample preparation procedure can also play a certain
role in the evolution of plastic straining, as reported before [26-28]. The milling cycle em-
ployed in this study produces a surface of quite limited alterations in the surface state,
with respect to their degree as well as extent towards the dept. However, the results ob-
tained from the samples produced by an alternative method (by using laser cutting, water
jet cutting or wire discharge machining) might be slightly different.

Table 2. Correlation coefficients for MBN.

Direction Residual Stresses Crystallite =~ Micro Martensite Martensite Fraction,
Size  Deformation Fraction, XRD  Metallography
0° -0.775 0.963 0.806 0.955 0.967 0.992
90° 0.873 0.819 0.685 0.952 0.976 0.990

Strain induced phase transformation in austenitic steels is not only a function of plas-
tic strain, but further aspects should also be considered, such as the variable deformation
speed, the influence of temperature or/and the chemical composition. Moreover, the ex-
perimental data can be used in order to validate the predictive models reported in the past
[29-31]. These aspects should be investigated in the near future.

The information about phase transformation, employed experimental techniques
and the corresponding MBN emissions can be considered as the methodology for investi-
gation of similar aspects in ferromagnetic bodies that are not only associated with the uni-
axial straining, but also in terms of the surface alterations initiated by other manufacturing
processes. Moreover, the MBN technique could be beneficial not only for monitoring of
Fe alloy components, but also for those based on Ni and Co as the well-known ferromag-
netic elements [32,33].

4. Conclusions
The findings of this study can be summarised as follows:

e the MBN technique demonstrates high sensitivity to revealing the strain-induced
martensite transformation in AISI 321 austenitic stainless steel during uniaxial plastic
straining;

e the martensite matrix exhibits remarkable magnetic anisotropy that increases with ¢;

e  MBN increases along with the increasing fraction of strain-induced martensite, while
residual stresses play nearly no role in the MBN evolution;

e  MBN envelopes are shifted to the lower magnetic fields versus ¢, but this shift satu-
rates for higher ¢;

e the number of MBN pulses decreases versus ¢, but their early saturation can also be
found.
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Finally, we can conclude that the high sensitivity of the MBN technique for revealing
strain-induced martensite transformation in austenitic stainless steels is due to the zero
initial MBN emission, as a result of a non-ferromagnetic austenite phase (apart from the
background and well-known MBN originating from the sensing probe itself). For this rea-
son, any MBN emission above the background MBN can be directly associated with mar-
tensite transformation, its degree, and/or alteration.
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