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Abstract The paper presents the results of investigation of
the influence of plastic deformation on the magnetic prop-
erties of martensitic steel (P91 grade). The properties of the
hysteresis loops as well as of the Barkhausen effect (BE)
signal are analysed for both tensile and compressive load-
ing up to ε = 10% of plastic deformation. The choice of
the steel and of the deformation range is unique, since for
such combination one can expect high residual stresses (both
compressive and tensile) in the material that does not exhibit
saturation of the BE intensity as a function of elastic stress.
The obtained relationships show that for the low level of
deformation the dislocation density changes may play a dom-
inant role, yet for higher deformation level the residual stress
becomes a dominant factor. It leads to the strong decrease of
the BE signal for tensile deformation and an increase for
the case of compression. It agrees well with the assumption
that the tensile plastic deformation results in the compressive
stresses appearance in the soft (magnetically active) sub-
regions of the material whereas for the compression one can
expect a residual stress of a tensile nature in those areas.
Both deformation modes result in the increase of coerciv-
ity of the samples, yet the increase observed for the tensile
deformation is significantly higher since both the residual
compressive stress and increase of dislocation density have
a strong effect on the material coercivity. The change of the
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hysteresis loops steepness agrees well with the notion of the
dominant role of residual stresses too.
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1 Introduction

The process of plastic deformation results in a strong mod-
ification of the dislocation density and arrangement. At the
beginning of the process there is a sharp increase of the den-
sity of randomly distributed dislocations that for the higher
deformation levels tend to group and form the so called dislo-
cation cell structure. Such structure consists of the hard (both
mechanically and magnetically) regions of the cell walls and
much softer (with lower dislocation densities) cell interiors.
In such structures there appear internal residual stresses of
opposite signs in soft and hard regions. For instance after the
tensile deformation, in the unloaded state, the soft regions are
being compressed while the hard ones remain under tension
[1–3]. The dislocation tangles create not only the obstacles
hindering the plastic flow of the material but also tend to
interact strongly (in the ferromagnetic materials) with the
magnetic domain walls (DW). The discontinuous motion of
the DWs that are pinned by dislocation tangles (but also
precipitates, grain boundaries and other material inhomo-
geneities) results in the local abrupt change of the magnetic
flux density that can be detected with the help of the detect-
ing coil, either encircling the investigated material or placed
close to its surface. Such effect is called the Barkhausen effect
(BE) and the induced voltage is referred to as the Barkhausen
noise signal. One has, however, to take into account that
only the signal from the close to the surface region can be
detected, since the BE signal is strongly attenuated in con-
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ducting materials (due to its relatively high frequency of order
of up to about 100 kHz or even higher). Because the direct
source of the BE are the processes of interaction of DWs with
the microstructural features, the BE noise signal is closely
related to the dislocation density and arrangement. Being so,
it should be possible to apply the analysis of the BE signal
properties for the assessment of the plastic deformation level
in ferromagnetic materials. Such attempts have been made
yet, as it turned out, the observed dependence of the BE sig-
nal intensity on the deformation level is strongly material
dependent—for the tensile deformation it can increase [4]
for soft materials, such as e.g. Armco iron, decrease [5] for
high strength martensitic steels, or behave in a nonmonotonic
way [6,7] for the intermediate materials. Being so the assess-
ment of the deformation level sometimes requires application
of rather advanced signal analysis techniques. Most studies
were carried out on the samples subjected to tensile deforma-
tion due to serious problems with the buckling of the samples
during the compression. For the mechanical test the prob-
lem can be avoided by an appropriate sample geometry, yet
samples of such shape are not well suited for the BE mea-
surements. Nonetheless an attempt on such measurements
has also been made by Kleber and Vincent [8]. Even though
the compression level was significantly lower than in the
case of tensile deformation, on the basis of the combined
analysis of the BE signal intensity and shape they suggested
that the problem with prediction of the BE signal intensity
behaviour during deformation arises from the fact that it is a
result of two factors—the change in the dislocation density
and internal stresses distribution. The internal stress level
of the higher order is directly connected with the disloca-
tion density, yet the influence of them on the BE intensity
is different. Such statement was to a high degree intuitive as
they investigated relatively soft materials (with low residual
stress level expected). In our paper we analyse the behaviour
of high strength steel subjected to high compression level
and the results fully confirm that notion.

Apart from the changes in the BE signal properties the
“normal” magnetic properties, such as the hysteresis loop
shape or coercivity, also change during the plastic deforma-
tion [9,10]. The increase in the dislocation density leads
to the increase in the coercivity of the material for both
compressive and tensile deformation. In addition to that a
characteristic “bulge” is observed for the samples subjected
to tensile deformation. The appearance of such feature is
believed to be the result of the appearance of regions of high
compressive residual stress in the areas with lower disloca-
tion densities such as dislocation cells interiors [11]. Such
changes, even though they are most probably a signature of
plastics deformation cannot be usually applied for the assess-
ment of the plastic deformation level in a non-destructive way
in industrial components since the hysteresis measurements
are not easily performed in such conditions. The sensitivity

of magnetic parameters may be improved by the application
of Magnetic Adaptive Technique (MAT) [12], the method,
however, requires somewhat complicated data processing to
find the optimum signal descriptors.

The paper presents unique data as is analyses martensitic
steel subjected to both compressive and tensile deformation
of high level. Due to its microstructure, which is very fine
grained and characterized by the high dislocation density,
the dependence of the BE intensity on the stress level is very
strong and does not tend to saturate in the elastic regime [13]
(which is the case for ferritic/bainitic steels). In addition to
that, thanks to the high yield strength of the samples one can
expect important back stresses arising as a result of plastic
deformation. As a result of those two facts one can expect
the residual stress to play a dominant role in the behaviour
of the BE signal for strongly deformed samples.

2 Experimental

A set of samples made of P91 high chromium martensitic
steel (chemical composition given in Table 1) subjected
to tensile and compressive deformation was tested. The
obtained deformation levels (relative elongation measured
after unloading) are given in Table 2.

In addition to that, a non-deformed sample (S0) was inves-
tigated. The samples subjected to the compression were twice
as numerous as the ones after tensile deformation due to the
possibility of errors during their preparation—which luck-
ily did not occur. The shape of the samples is shown in Fig.
1. As can be seen, the gauge length of the sample is rather
low compared to the total sample length. It was necessary in
order to use the specially designed anti-buckling fixture, the
detailed description of which can be found in the paper by
Ditrich et al. [14]. Application of such fixture was a key solu-
tion necessary in order to obtain highly compressed samples
of low width in which the ratio of the BE signal intensity to
the signal generated by the rate of change of magnetic flux in
the bulk of material is adequately high. The schematic view
of the measurement set is shown in Fig. 2. The sample (1)
was placed on the yoke (4) made of electrical steel that was
used to minimize demagnetisation and to magnetise only the
interesting part of the samples. The size of the yoke was cho-
sen to fit the gauge length of the sample in order to minimize
the influence of the non-deformed parts of the sample on the
results of magnetic measurements. The sample was magne-
tized with the help of the encircling coil (2) with number
of turns nmag = 300 and a smaller encircling coil (3), for
which nsense = 200, was used for the BE signal detection.
The magnetising frequency was about 0.5 Hz for the B(H)
measurements (for the BE measurements the same slope of
the magnetising current was applied).
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Table 1 Chemical composition
of P91 steel

Element C Si Mn P S Cr Mo Ni Al Cu Ti Nb V

Wt. (%) 0.085 0.27 0.30 0.015 <0.01 8.2 0.86 0.16 0.01 0.15 <0.01 0.098 0.19

Table 2 Deformation levels of the investigated samples

T1 T2 T3 T4 T5 T6 T7 T8 T9 T10

Tensile deformed samples

ε (%) 0.102 0.195 0.294 0.393 0.487 0.793 1.593 2.484 5.01 9.971

C1 C2 C3 C4 C5 C6 C7 C8 C9 C10

Compressed samples

ε (%) 0.096 0.198 0.306 0.402 0.487 0.801 1.597 2.486 4.983 10.03

C11 C12 C13 C14 C15 C16 C17 C18 C19 C20

Compressed samples

ε (%) 0.106 0.201 0.314 0.409 0.503 0.801 1.600 2.501 5.010 10.09

Fig. 1 The shape of the
investigated samples
(dimensions in mm)

Fig. 2 Schematic view of the measurement set-up. 1 sample, 2 mag-
netising coil, 3 sensing coil, 4 soft magnetic yoke

Both coils were dedicated to the measurement setup (their
carcasses were prepared using 3D printing) and fitted the
gap between the yoke legs in order to make the best use
of the sample gauge length. The magnetising coil was fed
by the triangular in form current from the analog current
amplifier driven by the signal provided by the multifunc-
tion data acquisition device NI USB-6366. The same device
was also responsible for the signal acquisition (sampling rate
was equal to 2 MHz). The signal from the detecting coil was
pre-amplified and then either used for the hysteresis loops
determination (numerical integration) or after the low fre-

quency component removal (HPF filtering, fcut−of f = 800
Hz) and further amplification treated as the BE noise signal.
The as—measured BE signal was numerically filtered (1–300
kHz) and its rms-like envelopes and pulse count distributions
were recorded.

3 Results

3.1 Magnetic Properties

The hysteresis loops obtained for the samples subjected to
the tensile and compressive deformation are shown in Figs. 3
and 4 respectively. For the tensile deformation, the behaviour
is typical and agrees well with the results described in litera-
ture. As the deformation progresses the coercivity increases,
the steepness of the loops decrease and characteristic “bulge”
in the central part of hysteresis loop appears. As it was men-
tioned earlier such deformation of the central part of the loop
is probably due to the residual compressive stresses after the
unloading of the sample. Such assumption is confirmed by
the fact that it is not observed for the plastically deformed
samples (tensile deformation) that were investigated in the
loaded state [15]. Such shape deformation can be also mod-
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Fig. 3 Magnetic hysteresis loops for the samples subjected to tensile
deformation

Fig. 4 Magnetic hysteresis loops for the samples subjected to com-
pressive deformation

elled with the help of Preisach simulations in the material
subjected to compressive stress [16]. For the samples sub-
jected to compression the loops do not undergo such a serious
modification. The coercivity increases during deformation,
yet there is no pronounced change in the steepness of the
obtained loops. It is understandable if we assume the pres-
ence of the residual stresses of tensile type, such stresses can
reach relatively high level for martensitic steels [17]. It is
known that such stresses do not modify the shape of hystere-
sis loops very much (see e.g. [18]), so the most important
factor influencing the hysteresis loop change becomes the
increase of dislocation density which is strongly correlated
with the coercivity of the samples.

The quantitative characterisation of the observed loops is
given in Fig. 5 and Fig. 6 in which the coercivity and differ-
ential permeability (maximum values) are plotted (relative
values, with the reference value being the one obtained for
the non-deformed sample). As for the coercivity it is clearly
seen that both deformation modes result in its increase, yet
for the tensile deformation the increase is twice as high as in

Fig. 5 Coercivity of the investigated samples as a function of the defor-
mation level

Fig. 6 Differential permeability of the investigated samples as a func-
tion of the deformation level

the case of compression. It is in agreement with the fact that
for tensile deformation both the compressive residual stress
and increasing dislocation density tend to increase coerciv-
ity. On the other hand, for compression we expect the tensile
residual stress, the influence of which on the coercivity is very
small [19,20]. The observed changes of differential perme-
ability (characterizing the steepness of hysteresis loops) are
very strong only for the tensile deformation for which the
total decrease (for high deformation levels) exceeds 70%.
For the compression the changes are very small—the initial
strong dislocation density increase causes a small decrease
of permeability, then it is followed by a slight increase and
finally it starts to decrease (by about 10% for the highest
deformation level). As can be seen, by analysing both param-
eters (coercivity and permeability) it is possible to assess the
deformation level despite the fact the coercivity increases for
both deformation modes.
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Fig. 7 Barkhausen effect signal envelopes for samples subjected to
tensile deformation

Fig. 8 Barkhausen effect signal envelopes for samples subjected to
compression

3.2 Barkhausen Effect Signal Properties

The rms-like envelopes (plotted as a function of the mag-
netising current intensity) of the Barkhausen noise signal are
shown in Fig. 7 (tensile deformation) and Fig. 8 (compres-
sion). The magnetisation range is somewhat lower than in the
case of B(H) measurements (IMAX = 1.65 A) since it was
observed that the higher magnetising current did not result in
an observable change of the BE signal. For the compressed
samples the range was high enough to magnetically saturate
the samples, but even for the samples after tensile deforma-
tion, for which the induction reached only about 1 T for the
magnetically hardest sample, all the detectable BE events
occured before reaching the maximum of the applied mag-
netizing current. As can be seen, the shape of the envelopes
changes very strongly for both modes of deformation right
from the start of the process. The initially observed two peak
structure disappears, even for the samples with the smallest
level of plastic deformation. In the case of tensile deformation
the amplitude initially strongly increases, yet as the deforma-

tion progresses it starts to decrease. It may be explained by
the strong increase in the dislocation density and creation of
dislocation tangles at the onset of deformation. Such tangles
create additional pinning sites making the DWs movement
more intermittent and resulting in the increase of the BE
intensity for the field region where such pinning/depinning
processes are most intensive. As the deformation progresses
the dislocation tangles structure rearranges and dislocation
cell structure is formed in which the prevailing number of
dislocations is concentrated in the cell walls while the cell
interiors are relatively free from dislocations. In such a struc-
ture the strongest BE activity is due to the DW movement
inside the cells. Since those regions, after tensile deforma-
tion, are subjected to compressive residual stresses, the BE
signal intensity becomes smaller due to the decreasing activ-
ity of 180◦ DWs being the main source of the BE signal
[21,22]. The other characteristic feature of the BE signal
envelopes is the shift of their maxima toward higher field val-
ues for the more deformed samples. It is in a good agreement
with the fact that the observed BE intensity should corre-
late with the coercivity, as it is the field region where the
most events of pinning/unpinning of DWs take place. It is
not always so since there is also another mechanism of the
BE signal generation, namely the DWs creation/annihilation
processes that take place for the field regions for which the
“knees” of hysteresis loops are observed [4]. For the case of
compression the changes are qualitatively different, there is
no increase of the signal amplitude at the onset of the process
(to the contrary—it decreases), but during the deformation
progress such increase is clearly seen. Such behaviour may
arise from the fact that martensitic steels in the as-delivered
condition possess rather high dislocation density resulting
in significant level of compressive residual stress of higher
order. Being so one cannot expect the dislocation structure
modification to by “symmetrical” for both modes of defor-
mation. As for the further increase of the BE signal for higher
deformation levels it confirms the assumption that the resid-
ual stress of tensile type becomes the dominant factor.

Quantitatively the BE signal intensity changes are shown
in Fig. 9, where the Int(Ub) parameter is an integral of the
BE signal envelope over half-period of magnetisation (cal-
culated after the background noise level subtraction). The
observed relationship displays two characteristic features—
on the smooth sigmoidal curve there is superimposed a sharp
peak observed for low deformation level. The sigmoidal
curve resembles strongly typical curves representing the
dependence of BE signal intensity on the elastic strain level,
that can be observed for many different materials [22]. Nat-
urally one has to take into account the fact that the curves are
reversed, since the positive plastic deformation results in neg-
ative compressive stresses and vice versa. As for the central
peak, in this region the overall BE intensity decreases for both
deformation modes (even though the amplitudes behave in a
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Fig. 9 BE signal intensity as a function of the deformation level

Fig. 10 Pulse count rate—tensile deformation (low threshold voltage)

different way) due the dislocation structure modification—
the changes in that region may be material dependent due
to the differences in the dislocation structure of their initial
state [4–7]. For the higher deformation levels the dislocation
structure modification becomes less significant and being so
the sigmoidal curve can be treated as a curve obtained for the
material with high dislocation density subjected to elastic
stress.

Another approach to the BE signal analysis, especially
useful for the elastic strain level assessment is the pulse
count analysis [21]. The plots presenting the pulse count
rate as a function of magnetising current are shown for low
(U0 = 0.8 V) threshold voltage (voltage level above which
the pulses are counted) in Fig. 10 (tensile deformation) and
Fig. 11 (compression). The observed behaviour is similar to
that observed for the rms-like envelopes but the changes are
less pronounced what suggests that the changes in the sig-
nal intensity are mostly due to the high voltage pulses. Pulse
count rate for low threshold level treats high and low pulses in

Fig. 11 Pulse count rate—compression (low threshold voltage)

Fig. 12 Pulse count rate—tensile deformation (high threshold voltage)

Fig. 13 Pulse count rate—compression (high threshold voltage)

the same way hence the influence of the first ones on the sig-
nal intensity is underestimated. Two following figures present
the analogous results obtained for the high (U0 = 1.8 V)
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Fig. 14 Total pulse count as a function of deformation level—low
threshold voltage U0 = 0.8

Fig. 15 Total pulse count as a function of deformation level—low
threshold voltage U0 = 1.8 V

threshold voltage level (Fig. 12 shows the results for ten-
sile deformation, and Fig. 13 for compression). In this case
the observed differences are much more pronounced. The
increase in the maximum count rate for the low level of
tensile deformation is very strong—it is over two times
higher than for the non-deformed sample. It shows that the
high pulses, resulting from the abrupt depinning from newly
created dislocation tangles are the main source of the BE
intensity envelope maximum increase. As for the compres-
sive deformation, the changes are non-monotonic, the count
rate initially decreases, but as the deformation progresses
the observed increase is much more pronounced than the
one observed for the small pulses. One can also observe
that for the high threshold level and for the non-deformed
sample the first peak (clearly visible while analysing small
pulses) almost disappears. For the purpose of the quantita-
tive analysis we used as a parameter the total pulse count.
The plots showing the dependence of the total pulse count

on the deformation level are shown in Fig. 14 (low threshold
voltage level U0 = 0.8 V) and Fig. 15 (high threshold volt-
age level U0 = 1.8 V). Both curves have the shape similar
to the one observed for the curve plotted in the case of the
BE intensity analysis, but the range of the relative change
of the sigmoidal function is much higher in the case of the
high threshold level than in the case of the lower one. It is
a very important result as such behaviour is one of the most
characteristic features of the curves obtained during the cali-
bration procedure (pulse count as a function of elastic strain)
of various steels [21]. The range of change obtained, during
such procedure, is always much higher while using the high
threshold. The only problem with application for the analysis
of elastic strain (and also, as can be seen, plastic deformation)
of the calibration curves based on the high pulse total count
is the fact that it may become too small and hence prone to
high statistical scatter. In our case, for instance the count for
the non-deformed sample is about thirty times lower for high
threshold than for the low one. The difference is even bigger
for the highest tensile deformation level, in which case the
count for high threshold decreases to merely 22 pulses (about
500 times lower than for the low threshold) what does not
guarantee obtaining reliable results. What is interesting, also
for the tensile deformation there is observed local maximum
(for the ε = 1.6%) which is probably due to the dislocation
cell formation onset.

4 Conclusions

The unwanted plastic deformation process is one of the
potentially most dangerous causes of industrial components
failure. Being so, the possibility of nondestructive evalua-
tion of the plastic deformation level has been investigated
for a long time now. The properties of the magnetic hys-
teresis loops change strongly during plastic deformation and
by using two parameters (e.g. permeability and coercivity)
that level could be determined unambiguously. Such mea-
surements, however, are usually not feasible in the industrial
environment. The obvious alternative seems to be application
of the Barkhausen effect signal analysis. Yet, even though the
possibility had been investigated for many years, the results
were not obvious and various trends were observed. It was
suggested that such discrepancy may be due to the fact that
two different processes have to be taken into account. First
one is the dislocation density and distribution modification—
the process that is strongly dependent on the material initial
dislocation structure. The second one is the appearance of
the residual stresses of the character opposite to the applied
deformation (compressive stress for plastic tensile deforma-
tion). This process leads always to the increase of the BE
intensity for the compressive deformation and its decrease
for the tensile one. The strength of the change depends on
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the level of residual stress and hence is connected with the
material yield strength (the stronger the material the higher
residual stress may be expected).

Our results, showing the sigmoidal dependence of the BE
signal intensity on the plastic deformation level fully con-
firm the importance of the residual stress. In addition to that,
the very characteristic feature deduced from the pulse count
analysis— namely the stronger rate of change of the count
rate of higher pulses—further confirms the assumption that
the residual stress is the main factor governing the observed
BE intensity changes for higher deformation levels in high
strength martensitic steels.
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