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In this paper characterization of internal mechanical stress state in boiler steel plate by the Barkhausen
e�ect based method was presented. The a�ecting of calibration functions shape by tensile and compressive
residual stress was observed. Beside of the signi�cant residual stress anisotropy in sub-surface layers, unfavorable
location of main directions of stress was revealed on both sides of the plate. The new method of calibration
function without heat treatment of calibration specimens was elaborated and presented also. The investigations
of Barkhausen noise as function of applied stress for di�erent intensity and frequency of magnetization current
were performed. Based on this, optimal magnetization conditions of doing measurement were estimated. Own
construction of measuring apparatus for experiments was used.

PACS: 75.60.Ej

1. Introduction

Majority of all manufacturing processes of produc-
tion steel sheets and plates introduces internal, so-called,
residual stress. Generally, constituted stress state at the
stages, e.g. cooling or straightening, is negatively in�u-
encing on utility properties.
Such stress state occurs during cutting and forming

elements, when the accumulated residual stress releas-
ing is causing their deformation. These problems were
observed in P265GH steel plate used for boiler installa-
tion. Long pieces cut from this sheet were spontaneously
twisted (Fig. 1).

Fig. 1. Deformation of strip element cut o� from in-
vestigated plate.

During searching of the causes of deformation, the di-
agnostic examinations were performed [1]. But the micro
hardness and microstructure testing did not reveal signif-
icant di�erences in mechanical properties that could be
the reason of it. Only preliminary investigations by non-
destructive method, Barkhausen e�ect based, pointed
out on existence of unfavorable residual stress state in
the plate.
This method relies on measurement by special equip-

ment, series of electrical pulses � magnetic Barkhausen
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noise (MBN), induced in search coil by discontinuous
movement of domains' walls (Barkhausen jumps) dur-
ing magnetization of tested ferromagnetic materials [2].
It is observed and well-known as characteristic steps
on the hysteresis loop. Course of the Barkhausen phe-
nomenon, as well as electrical and geometrical parame-
ters of the MBN, depends on microstructure (type, dis-
clocations, defects, etc), stress state and magnetization
state of tested material. This e�ect is utilized for non-
destructive comparative investigations of ferromagnetic
materials, especially stress state in steels [3, 4].
These cursory MBN examinations of P265GH steel

plate have given no answer about real values of the stress.
Due to this, it was necessary to conduct more detailed
Barkhausen research, covering determination of calibra-
tion functions and magnetization conditions.

2. Material characteristic and sample

preparation

The investigated steel plate is used for hot water in-
stallation elements. As in delivery state, sheet dimension
are 5 mm× 1500 mm× 5000 mm. For the investigations,
a small piece with dimensions 110 mm×400 mm was cut
out.
This steel has typical ferritic-pearlitic microstruc-

ture. Most interesting from the point of view of doing
Barkhausen measurements, average grain size in both
subsurface layers of sheet were similar but some di�er-
ences existed in classes' distributions of grain size.
The two samples for calibration were cut o� with di-

mension 110 mm×20 mm. The directions of cutting were
perpendicular to each other as is shown in Fig. 2. The
thickness of the samples was 5 mm, the same as the sheet
in delivery state.
In order to keep natural conditions of contact of plate

with the measuring head, no surface treatment (such as

(954)



Barkhausen Noise Stress Characteristic of P265GH Boiler Steel 955

Fig. 2. Orientation of calibration samples placement
with marked measurement points.

polishing or other) was applied to samples. In this way,
it lets to carry out the experiment as in industrial en-
vironments, although it increases possibilities of occur-
ring errors and uncertainty. The one of surfaces of plate
was marked and assumed as the �top�, second � as the
�bottom�. The arrangement of measurement points (on
both sides) and orientation of reference direction 0◦ is
presented in Fig. 2.

3. Experiment set-up and parameters

The investigations were conducted using the measur-
ing apparatus, developed at Cz¦stochowa University of
Technology, at Faculty of Materials Processing Technol-
ogy and Applied Physics [4]. It consists of three main
parts: magnetiziation module, ampli�ers blocking and
processing unit. The detailed presentation of it construc-
tion is shown in Fig. 3.

Fig. 3. Block diagram of measuring set-up: 1 � saw-
tooth generator, 2 � power ampli�er, 3 � magnetiza-
tion coil, 4 � yoke, 5 � tested material, 6 � detection
coil, 7 � preampli�er, 8 � high band �lter, 9 � ampli-
�er, 10 � RMS converter, 11 � envelope detector, 12
� Barkhausen pulse former.

The magnetization frequency may be chosen from six
values between 1 Hz and 38 Hz and the output current
can reach up to 1A, depending on construction of mea-
suring head magnetizing coil.
In the measuring part, the high pass �lter had cut-o�

frequency at 1 kHz. Total gain of both ampli�ers was
120 dB and can be changed with 5 dB steps.
The processing unit let to determine parameters of

MBN as the Root Mean Square value, envelope signal
or TTL pulse according to Barkhausen jumps over the
given voltage level. For further computer data process-
ing, DAQ 3000 board, 1 MHz, was used.

The integral parts of apparatus are measuring heads
for inducing and detecting Barkhausen noise. The
measuring head could not be too small due to non-
homogeneity of materials and surface state pro�le in-
�uencing on magnetization and detection coil contact.
From the other hand, if general dimensions are relative
big, the in�uence of edge impact is signi�cant and must
be compensated.
In this experiment, the width of measuring head yoke

was a few many times smaller than width of samples
to avoid impact of edges. To keep stable magnetization
during calibration, when the sample is bent, the yoke
poles were rounded. The average length of the magnetic
�ux path through the C - shape yoke and tested material
was 60 mm. The magnetization winding has 150 turns of
0.5 mm diameter. As the detection coil, the commercial
SMD coil, with ferrite core was used. Its measurement
area was 10 mm2.
The external stress was applied by the special equip-

ment. One side of the strip shaped specimen was �xed
and the second was controlled bent by multi screw to
introduce the stress state. The stress value in point of
the detection coil placement was calculated from classical
equations of mechanic for bending beam.
The compressive and tensile stresses were applied to

each sample with 40 MPa step. The following load cy-
cles were applied: 0 → σ+

max → 0 → σ−
max → 0, and the

average values of measured parameters (RMS and ampli-
tude) were calculated.
The experiments were performed for di�erent magne-

tization conditions. The shape of magnetizing current
was triangle. The three frequencies fm were used: 6 Hz,
12 Hz, 22 Hz. Also the �ve magnetization values of cur-
rents Im were used: 100 mA, 200 mA, 300 mA, 400 mA
and 500 mA. During the initial tests, current 100 mA
was used, but for 6 Hz, the Barkhausen noise has very
low amplitude and these series of measurement were can-
celed and not taken into consideration. Also, the highest
value of the magnetizing current, 500 mA was used only
for optimization of usable range of magnetization condi-
tions and full range of calibration was not performed.
To cover di�erent MBN levels at wide range of magne-

tization's parameters changes, the 110 dB total gain of
both ampli�ers was set.
Based on the previous works of author [5, 6] aver-

age uncertainty of RMS measurements covering non-
repeatability of application the measuring head to the
samples, non-homogeneity of steel structure and others
errors, must be estimated up to 10%.

4. Results

Before the main tests, at the state of no external stress
loads, the oscillograms of Barkhausen noise in calibration
specimens were recorded. They were presented in Fig. 4.
The magnetization current intensity Im was 300 mA and
the frequency fm was 12 Hz. For other magnetization
frequencies, the shapes of the oscillograms were similar.
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Fig. 4. Oscillograms of Barkhausen noise at non exter-
nal stress loads: a) sample 1, side A � top; b) sample 2,
side B � bottom;, c) � sample 2, side A � top; sample 2,
side B � bottom..

As can be observed, on the both sides, the main direction
of Barkhausen noise intensity was di�erent.

In next stage of study, RMSMBN and amplitude of
MBN were measured as a function of the external stress
state applied to the samples. The most representative
results of dependences RMSMBN = f(σ) for three mag-
netization currents at 12 Hz are shown in Fig. 5. For
other frequencies 6 Hz and 22 Hz these dependences
have the same character. In addition, the dependences of
MBN amplitude in function of applied stress had similar
courses (Fig. 6).

Analyzing course of the obtained families of the curves
RMSMBN = f(σ)|Im=var (Fig. 5), signi�cant di�erentia-
tion of their shapes in the specimens cut out for perpen-
dicular directions may be observed. Such state existed
on both sides of sheet. Moreover, they were not similar
to known sigmoidal curves of calibration functions and
rather seem to be like �halves� of them. This situation
can be explained only if the residual stress are added to
external stress load.

In this form, these curves were not usable for univer-
sal stress determination and free direction of magnetiza-
tion angle. Taking into consideration signi�cant values
of residual stress, over 100 MPa, the annealing in high
temperature must be applied to stress state removal.

Author in [8] analyzed the problem of stress relax-
ation in calibration samples by the heat treatment in
Barkhausen noise measurements. According to this, low
temperature and short time annealing does not ensure
to achieve the state without stress in the specimen. On
the other hand, long time and high temperature on an-
nealing, although being able to provide full stress state
relaxation, will be modifying the microstructure.

In present work, new method was elaborated to obtain
universal calibration function without heat treatment of
calibration samples. An idea of it relies on �gluing� the
calibration functions received for two perpendicular di-
rections into one, and balancing to �x zero point (0 MPa)
in the middle of linear part of characteristic (Fig. 7). In
this place, the most of dependences of MBN intensity in

Fig. 5. Families of RMSMBN in function of applied ex-
ternal stress in samples.

Fig. 6. Dependences of MBN amplitude in function of
applied stress at 12 Hz, 400 mA.

function of stress, have equilibrium at the middle of linear
part of characteristic or between of saturation parts. In
next step, the new characteristic should be limited below
stresses causing plastic deformation.
The examples of calibration functions designated in

this manner for fm = 22 Hz and Im = 200mA is shown in
Fig. 8. The di�erent course for tensile stress can be prob-
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Fig. 7. Explanation of new calibration function cre-
ation procedure.

ably caused by the noticed di�erentiation in microstruc-
ture of both surface layers � distribution of ferrite grain's
size classes.

Fig. 8. Calibration functions at fm = 22 Hz and Im =
200 mA.

Estimated residual stress values on this calibration
characteristic base, in function of magnetization direc-
tion angle, in Fig. 9 were presented. The measurement
point was placed as shown in Fig. 2. The MBN mea-
surement with angular step of 22.5◦ were done on the
both side of the investigated steel sheet. The maximal
measured residual stresses reach signi�cant high values.
On the top side of the plate, the �150 MPa compressive
stress was observed, whereas on the opposite side the
tensile stress was near of +150 MPa.

5. Magnetization conditions

Advanced method of residual stress measurements by
BN method, covering e.g. determination of stress in func-
tion of depth, need to be performed for di�erent mag-
netization frequency. Also, simple stress measurements
ought to be done for magnetization conditions, when the
MBN is most sensitive to residual stress changes.
On the base of received results during stress evalu-

ation, the optimal conditions of magnetizing for used
experiment set-up were estimated. For this purpose,
the developed Eq. (1) for characterization of dynamic of
MBN changes in function of stress was used [8].

Fig. 9. Radial diagram of residual stress distribution.

∆RMSMSB =
RMSMBN(σ

+)−RMSMBN(σ
−)

RMSMBN(σ+)
, (1)

where ∆RMSMBN � indicator of dynamics,
RMSMBN(σ

+) � RMS value of MBN for maxi-
mum tensile applied stress, RMSMBN(σ

−) � RMS
value of MBN for maximum compressive applied stress
Taking into consideration anisotropy of stress state in

the tested sheet for calculation index Eq. (1), the values
of RMS were taken not for one sample but for both, after
the joining operation described above.
The map of this indicator as a function of magnetiza-

tion current parameters in Fig. 10 was shown. Based on
practical author's experience, the acceptable value of this
indicator should be at least greater than 0,5 to obtain sat-
isfactory resolution of the stress measurement. As can be
observed, for all frequencies, magnetization current must
be over 200 mA and generally, the best conditions exists
for Im between 300 mA and 400 mA.

Fig. 10. In�uence of magnetization conditions � fre-
quency and current intensity on value of ∆RMSMBN

indicator.

6. Summary

The study to assess the level of residual stresses was
presented in this paper and it revealed a high value of
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these stresses in tested plate. As an e�ect of it, the cal-
ibration curves were a�ected by this initial stress state,
what could be observed as their characteristic shift. The
proposed procedure of calibration characteristics recon-
struction includes gluing and positioning of the calibra-
tion curves and seems to be the best solution when the
low temperature heat treatment does not provide fully
stress relaxation in calibration samples. To compare
results the next stages of this study will be covering
heat treatment in�uence on stress relaxation level and
Barkhausen noise modi�cation in this kind of steel sheets.
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