
Insight • Vol 58 • No 6 • June 2016                                                                                                                                                            297                                                                                                                                                
                                                         

BARKHAUSEN

l Submitted 18.12.15 / Accepted 25.04.16

Esmaeel Ahmadzade-Beiraki, Mohammad Mazinani and Mehrdad 
Kashefi* are with the Department of Materials Engineering, Faculty 
of Engineering, Ferdowsi University of Mashhad, PO Box 91775-1111, 
Mashhad, Iran.

*Corresponding author. Tel/Fax: +98 5138763305; Email: m-kashefi@
um.ac.ir

DOI: 10.1784/insi.2016.58.6.297

Examination of Barkhausen noise parameters for 
characterisation of strain-induced martensitic 

transformation in AISI 304 stainless steel

In this study, the strain-induced martensitic transformation in AISI 304 stainless steel after tensile deformation was 
investigated using different magnetic Barkhausen noise (MBN) parameters. For this purpose, different amounts of martensite 

phase were formed in AISI 304 stainless steel by different amounts of tensile deformation. The amount of strain-induced 
martensite phase in the steel samples was quantified by XRD patterns. The MBN profile and the RMS voltage of the MBN 

parameters were employed in order to evaluate the microstructural changes. The MBN parameters (RMS and peak height) 
increased with the amount of deformation and this was attributed to the volume fraction of magnetic domains and pinning 
sites increasing with the increase in martensite content. It was suggested that the growth of martensite laths provided wider 

areas for the motion of domain walls and their interaction with obstacles within the martensite, resulting in an increasing 
rate of change in the RMS values and the width of the MBN profile with martensite content. However, the coalescence of 
martensite packets decreased the number of Barkhausen signals being emitted from the austenite-martensite interface 

areas, resulting in a decrease in the slope of the peak height curve with increasing martensite content.
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Introduction 
Austenitic stainless steels have superior corrosion resistance, 
formability and weldability among all the stainless steel alloys. This 
class of stainless steels has a wide range of engineering applications, 
including in the petrochemical and power industries[1]. These 
highly-alloyed stainless steels are relatively stable and transform 
into martensite only by quenching to sub-zero temperatures, 
although the low-alloyed grades, known as metastable austenitic 
stainless steel, transform into martensite by both quenching to 
sub-zero temperatures and by cold working at room temperature. 
This type of martensitic transformation during deformation of 
metastable austenite is called deformation-induced martensitic 
transformation. There are two types of deformation-induced 
martensite phase, ie ε-martensite with an hcp crystal structure as 
well as αʹ-martensite with a bcc crystal structure. The αʹ-martensite 
phase can be produced from the austenite phase and/or directly 
from the ε-martensite phase during deformation[2]. 

The non-destructive Barkhausen noise (BN) test technique 
is widely used for the microstructural characterisation of 
ferromagnetic materials[3-27]. This method is mostly based on the 
irreversible domain wall (DW) motions from pinning sites[3]. 
Lattice imperfections, such as grain boundaries, dislocations and 
precipitates, obstruct the motion of domain walls until an increase 
in the applied magnetic field (H) provides the energy necessary 
to free the pinned domain walls from obstacles. This un-pinning 
phenomenon occurs by a sudden jump producing a magnetic 
flux change called Barkhausen noise. Other sources of BN are 
nucleation and annihilation of the magnetic domains at phase or 
grain boundaries during magnetisation[3-6]. The BN signal provides 
various parameters, including peak height, peak position and the 
width of the BN profile, RMS value, frequency amplitude spectrum 
and pulse height distribution[7], which, in particular cases, may 
be used individually as a parameter representing a given feature 

of the material microstructure. As relevant examples indicating 
the appropriateness of these parameters in the characterisation 
of engineering materials, peak and RMS values decrease with an 
increase in the grain size[8-12], a decrease in the pearlite content 
in both hypo- and hypereutectoid steels[13], an increase in the 
martensite content in dual-phase steels[14] and a decrease in the 
martensite volume fraction in austenitic stainless steels[15,16]. The 
peak position (PP) of a BN profile represents the magnetic coercivity 
(Hc) indirectly[17-19], which has been used for the evaluation of 
microstructural changes in different steels[20-22]. The width of a 
BN profile shows, more appropriately, the trend through which 
the hardness of ground steels are represented[23]. The pulse height 
distribution has been used for determination of the carbon content 
of steels[24] and the extent to which a steel is tempered[25].The BN 
frequency spectrum has also been employed in order to evaluate the 
variation of grain size effects[9] and tempering processes[26].

The main aim of the present study has been to investigate the 
novel applicability of MBN parameters to the process of strain-
induced martensitic transformation in an austenitic stainless steel. 
The important difference between this study and the previous 
studies on the magnetic Barkhausen noise characterisation of strain-
induced martensite[14,15] is that, in the present study, an attempt has 
been made to explain how the amount and size of αʹ-martensite 
affect the MBN parameters of RMS and peak height.
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Experiment 
Eight tensile samples were prepared according to the ASTM-E8M 
standard test procedure from a 2 mm-thick sheet of AISI 304 
stainless steel with the chemical composition given in Table 1. 
All test samples were first solution-treated at 1095ºC for 1 h and 
then water quenched to room temperature in order to prevent any 
carbide precipitation during cooling. To produce different amounts 
of martensite, the test samples were deformed to 0.05, 0.1, 0.15, 
0.25, 0.3, 0.35, 0.4 and 0.44 true strain values using a Zwick/Z250 
tensile testing machine with an average strain rate of 0.002 s–1 at 
room temperature. Vickers hardness measurements were carried 
out on the samples at 30 kg and room temperature.

Table 1. Chemical composition of the investigated stainless steel

Element Cu Ni Mn Cr Si P C Fe

[wt%] 0.428 8.719 1.350 16.785 0.598 0.041 0.056 Bal

Optical microscopical examinations were carried out on test 
samples after being prepared by conventional metallographic 
preparation methods. All samples were electro-polished for 40 s at 
18 V in an electrolyte bath consisting of 110 mℓ perchloric acid, 
180 mℓ ethanol and 710 mℓ methanol. The Beraha’s reagent (0.5 g 
potassium metabisulfite, 20 mℓ HCl and 100 mℓ distilled water) was 
used to reveal the martensite phase in the steel microstructures and 
a solution of 60% HNO3 in 40% distilled water was employed for 
etching the grain boundary areas. XRD measurements were carried 
out using a Philips X’pert diffractometer with Cu-Kα radiation. 
The volume fraction of αʹ-martensite was measured from the XRD 
patterns according to the ASTM E975-03 standard test procedure. 
The volume fraction of αʹ-martensite of the samples are presented 
in Table 2.

Table 2. Martensite percentage of tensile-strained samples

True strain 0 0.05 0.1 0.15 0.25 0.3 0.35 0.40 0.44

αʹ-martensite% 3 9 20 24 41 48 58 66 80

The experimental set-up developed for the MBN measurements 
is illustrated in Figure 1. A multi-frequency function generator 
was used to supply a sinusoidal current (4 Hz) to the excitation 
coil of a yoke with 3000 turns, which generates a magnetisation 
force to be applied to the test sample through the U-core poles. 
Barkhausen signals during magnetisation were picked up by means 
of a surrounding coil with 3000 turns. The pick-up voltage was 
filtered (0.2 kHz high-pass filter), amplified and, finally, converted 
to digital data to be used as readable input for a personal computer. 
Barkhausen signals in three magnetisation cycles were processed 

for each test sample and the parameters of RMS voltage and BN 
profile were obtained by averaging from these three cycles and 
employed in order to characterise the microstructural changes in 
the test samples during deformation.

Results and discussion
Results of optical microscopy and hardness 
measurement
Figure 2 exhibits the microstructures of undeformed (solution-
treated) and deformed (for the tensile true strains of 0.05, 0.25 
and 0.44) samples. The microstructure of the undeformed sample 
consists of equiaxed austenite grains with an average size of 46 µm 
along with the annealing twins within the austenite grains. Dark 
areas in the microstructures are strain-induced martensite that has 
been formed during deformation (around 9%, 41% and 80% for the 
true strains of 0.05, 0.25 and 0.44, respectively).

The variation of the Vickers hardness of samples with martensite 
percentage is shown in Figure 3. As can be seen, the hardness 
increases almost linearly with martensite content. 

Figure 1. Schematic of the experimental set-up used for 
Barkhausen noise measurements

Figure 2. The microstructure of the solution-treated sample  
(ε = 0) and the deformed samples to the true strains of 0.05, 
0.25 and 0.44. The martensite content in the deformed samples 
is 9%, 41% and 80%, respectively

Figure 3. The variation of Vickers hardness with martensite 
percentage
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Barkhausen noise characterisation 
The BN profiles of test samples with true strains of 0.25 to 0.44 are 
shown in Figure 4. The BN profile represents the Barkhausen noise 
shape and reflects information about the material properties. The 
peak height parameter is the maximum point of this dome-shaped 
curve (BN profile). For the samples with lower strain values, the 
density of Barkhausen signals has not been high enough in order 
for the BN profile to be plotted with the same parameters used for 
higher strain values.

Variations of the RMS, peak height and full width at 
half maximum (FWHM) with martensite content in steel 
microstructures are illustrated in Figure 5. It can be observed that all 
three parameters increase with the percentage of martensite. In fact, 
the interaction of DWs with pinning points such as dislocations, 
twins or lath boundaries[15] generates Barkhausen signals that 
depend on the volume fraction of DWs as well as the pinning sites. 
Thus, the mentioned increase in MBN parameters can be attributed 
to an increase in the volume fractions of magnetic domains and 
pinning sites, which increase, in turn, with the increasing martensite 
content.

Another significant change in MBN parameters with martensite 
content is in the slopes of corresponding curves. The slopes of 
RMS and FWHM increase progressively with the percentage of 
martensite, whereas the peak height increases continuously with 
a decreasing slope. In the same way as with the microstructure 
of the sample with 0.05 true strain in Figure 2, when the volume 
fraction of αʹ-martensite is relatively low, thin martensite laths 
are randomly distributed in the austenitic matrix. The distances 

between the ferromagnetic phases are high in this situation. Hence, 
the interaction of DWs with microstructural obstacles are limited 
in these isolated ferromagnets (αʹ-martensite). As can be seen in 
the microstructure of the sample with 0.44 true strain in Figure 
2, further deformation results in larger martensite packets, which 
provides more extensive areas for DW motion. In an extensive 
ferromagnetic phase, DWs interact with more obstacles and 
generate more Barkhausen signals up to the saturation point[27]. 
To have a better understanding of how the morphology of the 
martensite phase affects the MBN, the variation of the pinning 
strength of obstacles is illustrated in Figure 6, in which the DW 
interaction with obstacles is plotted for the cases when martensite 
islands are thin (Figure 6(a)) and when they are relatively wide 
(Figure 6(b)). The experimental results in the literature with regard 
to the influence of interfaces such as grain or inter-phase boundaries 
on the formation of MBN[8,9,12,13,28,29] indicate that the austenite-
martensite interface can be considered to be a strong pinning site. 
It has been suggested that the grain boundaries act as highly dense 
small pinning sites and the sudden release of DWs from this type of 
pinning site generates a large peak in the BN profile[12]. The pinning 
effect of cementite-ferrite interfaces has also been considered to be 
the main reason for the variation of MBN with the carbon content 
of steel[12]. A reduction of the magnetic coercivity of austenitic 
stainless steels with an increase in the martensite content (as a 
result of the austenite to martensite transformation by deformation) 
has also been suggested to be due to a decrease in the austenite-
martensite interface, which can act as a strong pinning site[29]. It can 
then be concluded that other obstacles within the martensite phase 
(mostly dislocations) represent lower pinning strengths than those 
generated by the austenite-martensite interface. As shown in Figure 
6, the DWs obstructed by austenite-martensite interfaces need 
higher levels of applied magnetic forces than those needed by other 
obstacles. As a result, during the stage of releasing the DWs from 
the austenite-martensite interfaces, they will have enough energy 
to pass the subsequent low-energy obstacles without being pinned 
by them. In the low deformation regime where the martensite 
phase is very thin (as for the sample with 0.05 true strain in Figure 
2), the magnetic domains are restricted by the lath boundaries 
and tend to be stretched between them. Upon application of the 
magnetic field, the magnetic domains grow and quickly reach the 
lath boundaries, after which the DWs can only move in a direction 
parallel to the martensite lath. In this situation, where the DWs are 
continuously in touch with the lath boundaries, a situation similar 
to that shown in Figure 6(a) occurs. Consequently, at the beginning 
stages of deformation, the formation of Barkhausen noise is mostly 
due to the fact that the DWs pass through the austenite-martensite 
interfaces. As the deformation increases, the martensite packets 
grow (as for the sample with 0.44 true strain in Figure 2) and DWs 

Figure 4. BN profiles of the test samples with true strains of 
0.25 to 0.44

Figure 5. Variation of the MBN output, including RMS, peak 
height and FWHM with martensite content

Figure 6. Representation of DWs’ interaction with obstacles in 
low- and high-deformation regime
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with no connection with the lath boundaries can interact with the 
obstacles within the martensite phase and thus the Barkhausen 
signals will be generated (Figure 6(b)). The signals emitted from 
inside the martensite phase are within the wide range of applied 
magnetic fields, which are related to a variety of obstacles within 
the martensite having various pinning capabilities. Therefore, one 
may conclude that the increasing rate in the variation of RMS and 
FWHM with martensite content is due to the generation of BN 
signals from the intra-martensite obstacles.

Growth of the martensite phase occurs by the coalescence of 
martensite embryos in the steel microstructure[30-32]. The formation 
of martensite embryos is believed to occur mostly at the early stages of 
deformation. It has been reported that when the martensite content 
exceeds 20%, the growth of the martensite phase is energetically 
more favourable than the formation of new martensitic embryos[32]. 
Therefore, it can be concluded that for the strain values greater than 
that needed to produce about 40% martensite phase in the steel 
microstructure at the beginning of the peak height plot of the BN 
profile (Figure 5), the amount of austenite-martensite interface is 
reduced with an increase in the strain. When the applied magnetic 
field is removed from a magnetically-saturated ferromagnetic 
material, the material remains partially magnetised due to the 
pinning of DWs behind the obstacles. The reverse applied magnetic 
field required to free all the DWs from the obstacles (magnetic 
coercivity) depends on the amount and type (pinning strength) 
of the obstacles. As concluded before, the austenite-martensite 
interface is one of the strongest obstacles in the microstructure, 
whereby the austenite-martensite is the last pinning site from 
which the DWs will be released. Therefore, one may speculate that 
the BN signals related to the pinning effect of austenite-martensite 
interfaces are generated mostly near the magnetic coercivity point 
(Hc). As mentioned previously, the position of the BN profile 
peak (PP) represents the magnetic coercivity and hence it can be 
concluded that the variation of the peak height parameter with 
martensite content is mostly influenced by the amount of austenite-
martensite interface. Consequently, the decreasing slope of the peak 
height curve (Figure 5) may be attributed to the reduction of these 
interface areas at high strain values.

Conclusion
In this study, the capability of the Barkhausen technique in the 
characterisation of martensitic transformation in an austenitic 
stainless steel was investigated. It was found that MBN is affected 
by the amount and size of martensite packets. Increasing martensite 
content increased the volume fraction of DWs and pinning sites, 
which, in turn, increased the BN parameters. It was also shown 
that the coalescence of growing martensite packets in a high-
deformation regime provides extensive areas for domain wall 
motion and this increased the interactions between DWs and 
pinning sites, resulting in more Barkhausen signals in a wider 
range of applied fields. However, due to the reduction of austenite-
martensite interface areas, the rate of increase in the peak height of 
the BN profile (Figure 5) decreased.
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