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Abstract

Magnetic Barkhausen noise (MBN) and magnetic #ux leakage (MFL) measurements are useful magnetic nondestruc-
tive techniques used for various applications. MBN measurements have been used here to study stress distributions
around a racetrack-shaped defect made in the wall of a steel pipe. The study shows a stress concentration factor of &3 for
a racetrack-shaped defect with 50% wall penetration. MFL signals from the same defect have also been studied under
various circumferential hoop stresses. It is observed that the external stress can change the MFL signal by more than
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1. Introduction

Magnetic Barkhausen noise (MBN) is a very
useful magnetic nondestructive tool to study
ferromagnetic materials. The magnetization pro-
cess in ferromagnetic materials consists mainly of
domain wall displacements and rotation of local
domain magnetization. The jerkey 1803 domain
wall displacement is the predominant source of
magnetic Barkhausen noise (MBN) [1]. MBN
measurements have been used previously to deter-
mine the magnetic easy axis [2], to estimate the
residual and applied stress [3], grain size of mag-
netic materials [4] and so on [5,6].

Magnetic #ux leakage (MFL) signal measure-
ment is another nondestructive tool for detecting
and estimating defects and #aws in ferromagnetic
materials [7]. If a defect is present in a magnetized
ferromagnetic material, some of the magnetic #ux
lines leave the material to avoid the void and cause
an increase in magnetic #ux density outside the
material in the immediate vicinity of the defect.
A Hall probe or an induction coil is usually used to
detect this leakage "eld. The MFL measurement
technique is the most economical nondestructive
technique used to monitor corrosion particularly in
buried oil and gas pipe lines [8].

The application of external stress changes the
magnetic properties of a magnetic material
considerably. Therefore, the study of magnetic
properties and their changes with the application of
external stress can give an information regarding
the material properties. Oil and gas pipelines are
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40% and the e!ect of stress is maximum when the pipe wall #ux density is &1.2 T.



made of ferromagnetic steel operated at high
pressue, as much as 70% of their yield strength.
The presence of a pit changes the stress distribu-
tions in the immediately surrounding region
causing the local strains on the surface of the
test object to change correspondingly [9]. Defects
in a material act as stress raisers. The stresses sur-
rounding defects are much higher than the applied
stress and can cause leakage or rupture when the
local stresses increase beyond the yield strength. It
is possible to derive mathematical expressions for
the stress distribution around defects with simple
geometry. But for defects with complex geometries,
only some sensitive experimental techniques such
as neutron di!raction [10], photo elasticity
measurements [11] can throw some light on
the stress distribution. These experimental tech-
niques are expensive, time consuming and need
special sample preparation. Very recently, MBN
measurements have been used to study this stress
distributions around circular-shaped defects [3,12].
The advantages of this technique over other
methods is that it is a nondestructive technique,
economical and can be used easily for samples of
various shapes and sizes and under di!erent ex-
ternal conditions.

The study of magnetic leakage "eld and stress
distributions in the laboratory, using pits of dif-
ferent sizes and shapes, can be of great help in
monitoring underground oil and gas pipelines in
real "eld situations. MFL signals measured in the
laboratory at various stresses and originating
from di!erent shaped pits help us in estimating the
size and shape of a pit in an in-service pipeline
under line pressure stress. On the other hand,
stress distribution studies using MBN measure-
ments around defects with various shapes and
sizes gives an idea about the maximum allowable
pit in the pipeline so that the yield strength is not
exceeded in the stress concentration zone at the
line pressure stress. Earlier circular-shaped defects
were studied extensively by the measurments of
MBN [3,12] and MFL [7,13,14]. In the present
paper, MBN measurement has been used to esti-
mate the stress concentrations around a racet-
rack-shaped defect. MFL signals originating from
the same defect have also been studied under dif-
ferent stresses.

2. Experimental

The experimental setup used for the surface
MBN measurement has been shown earlier in de-
tail [3]. A U-core ferrite magnet was used to gener-
ate magnetic Barkhausen noise within the steel pipe
wall by passing a 12 Hz AC current through the
coil around the ferrite core. A small magnetic disk
read head is placed between the two arms of the
ferrite core. This read head is used to pick up MBN
voltages from the sample. The induced voltage in
the read head is ampli"ed 1000 times and passed
through a 3}200 kHz band pass "lter and the "l-
tered voltage is interfaced with a personal com-
puter having a resident digital oscilloscope board
(Computerscope). The frequency range 3}200 kHz,
chosen for MBN signal analysis, gives an estimated
skin depth of about 0.1 mm. Therefore, the MBN
response from the upper surface (&0.1 mm) of the
sample has been measured. The MBN signal is
sampled at intervals of 1 ls for 16 ms with a bu!er
size of 8 K and eight traces are taken for each
measurement. Only those voltage signals having
amplitudes higher than a selected threshold of
$40 mV are considered for analysis. A parameter
&MBN

E/%3':
' is introduced to characterize the MBN

[2]. It is calculated by integrating the square of the
pickup voltages over all the eight traces with re-
spect to time, i.e., MBN

E/%3':
":v2 dt.

The apparatus used for the magnetic #ux leakage
measurement consists of three parts [7]. The mag-
netizer part consists of sets of high strength
Nd}Fe}B permanent magnets, providing a uni-
directional axial "eld in the pipe wall. The magnetic
#ux density in the pipe wall could be varied by
changing the number of permanent magnets or by
varying the cross-sectional area of the back iron in
the magnetizer. The second part of the test rig is the
stressing arrangement along with the sample steel
pipe section of 610 mm outer diameter and 9 mm
wall thickness. The material of the sample pipe
section is API-X70 grade steel with composition
1.46% Mn, 0.12% C and 0.003% S by weight.
A hydraulic pressure vessel was developed with the
sample pipe section as the outside wall to generate
hoop stress on the sample pipe section [7]. A cir-
cumferential hoop stress could be obtained by
pumping on hydraulic #uid inside the chamber of
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Fig. 1. Variation of MBN
E/%3':

around a racetrack-shaped defect with depth 50% of the steel wall at 0 MPa and 176 MPa stress.

the pressure vessel. The third part was the MFL
signal measuring system. This part consists of
a Hall probe which can scan the area surrounding
a defect at 1 mm intervals and detect the leakage
"eld. The Hall probe was connected to a PC data
acquisition system.

A racetrack-shaped defect of length 55 mm,
breadth 14 mm and depth 4.5 mm (about 50% of
the wall thickness) was made by electrochemical
milling to simulate a corrosion pit in the steel pipe
wall. This electrochemically milled defect was free
from any residual stress which can be generated by
mechanical drilling. The long axis of the racetrack-
shaped defect was along the pipe axis direction.

The magnetic #ux density of the pipe wall was
measured at di!erent hoop stresses by winding 20
turns of copper wire through two holes in the pipe
wall. The pipe wall was magnetized by the magneti-
zer described earlier in this section. The direction of
magnetization of the pipe wall is changed by rotat-
ing the magnetizer by 1803. The corresponding

induced voltage in the #ux coil was integrated by
a #ux meter to obtain the magnetic #ux density.

3. Results and discussions

3.1. Stress concentration study by MBN measurement

MBN
E/%3':

was studied around the racetrack-
shaped defect in the presence of di!erent external
hoop stress, p"0 and 176 MPa. For these measure-
ment, the direction of the applied magnetic "eld
at a particular point around the defect edge is kept
parallel to the tangent at that particular point. The
results show that the increase in MBN

E/%3':
with

stress compared to the zero stress value is max-
imum at around 03 and 1803 angular positions of
the round-shaped edge of the defect. MBN

E/%3':
decreases with the increase of stress near the middle
of the defect (Fig. 1). To study stress concentration
in more detail, the change in MBN

E/%3':
with
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Fig. 2. Change in MBN
E/%3':

with distance from the 03 edge of a racetrack-shaped defect with depth 50% of the steel pipe wall.

distance from the 03 edge was measured and is
shown in Fig. 2. For this measurement also, the
direction of the magnetic "eld in the MBN probe is
kept parallel to the 03 edge of the defect and the
probe is moved away from the defect edge at 1 mm
interval. Therefore, at 03 and 1803 edge the applied
magnetic "eld is along the circumferential direction
of the pipe. In the presence of an external stress,
a rapid large change in MBN

E/%3':
takes place near

the defect edge. The distance indicated in the X-axis
of Fig. 2 is the distance measured from the centre of
the defect.

The ferromagnetic pipeline steels are polycrystal-
line materials with grain sizes generally less than
100 lm. Before any kind of processing the magneti-
zation vector in the grains try to align themselves
along one of the cubic axis of the crystals, i.e., the
S1 0 0T direction, which is energetically favourable.
The steel slabs are rolled during the manufacture of
pipelines. This rolling changes the magnetic easy
axis in each grain to that S1 0 0T direction which is
closest to the rolling direction. These local easy axis
in each grain combines to form a net macroscopic

easy axis of the steel close to the rolling direction.
When a circumferential hoop stress, p is applied at
an angle h with respect to the local S1 0 0T easy axis
direction in a grain, a magnetoelastic anisotropy
energy 3

2
j
1 0 0

p sin2 h is developed where j
1 0 0

is
the saturation magnetostriction coe$cient along
the S1 0 0T direction. This induced magnetoelastic
anisotropy energy modi"es the 1803 domain vol-
ume in grains. The direction of magnetic easy axis is
then determined by the minimization of total an-
isotropy energy consisting of magnetocrystalline as
well as magnetoelastic energy. The maximum
MBN

E/%3':
is generated along that direction [7].

For iron single crystals, the magnetocrystalline
anisotropy is generally a few order of magnitude
larger than the anisotropy induced by the external
stress. Therefore in steel, the direction of magnetic
easy axis is mainly governed by the magnetocrys-
talline anisotropy energy and in each grain it takes
that S1 0 0T direction which is nearest to the direc-
tion of the applied stress. More magnetization
takes place by 1803 domain wall motion along the
direction of magnetic easy axis which results in
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Fig. 3. The stress versus MBN
E/%3':

calibration curve used to estimate the stress distribution shown in Fig. 4.

Fig. 4. Change in stress (normalized with respect to the applied stress) with distance from the centre of the racetrack-shaped defect and
along the 03 line.
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Fig. 5. Surface and contour plots of (a) radial and (b) axial MFL signals from a racetrack-shaped defect at 1.25 T pipe wall #ux density
and in absence of any stress.

maximum MBN
E/%3':

along that direction. It has
been shown earlier from the angular dependence of
MBN measurements, that the magnetic easy axis of
the steel pipe section is parallel to the pipe axis
direction [3,7]. The application of external circum-
ferential hoop stress changes the direction of mag-
netic easy axis from the pipe axis direction to the
circumferential direction [3,12].

Due to the developement of stress concentrations
more stress is developed at the defect edge com-
pared to the applied stress. This results in a greater
increase of 1803 domains at the defect edge and
hence more MBN

E/%3':
when measured along

the circumferential direction. This explains the
MBN results shown in Fig. 2. From the study of
MBN

E/%3':
in Fig. 2, the stress concentration is

estimated. For this purpose, a stress versus
MBN

E/%3':
calibration curve has been plotted in

Fig. 3. This curve is obtained before the creation of
the defect by averaging the MBN data at various
positions along the 03 direction at a particular
stress and repeating the same procedure at various
stresses. The variation of estimated stress from the

03 edge of the defect has been plotted in Fig. 4. It is
observed from this "gure that a stress almost equal
to three times the applied stress is developed at the
defect edge. This result is consistent with our "nite
element calculations for a similar defect. The stress
developed at the edge of the defect due to
the maximum applied stress (176 MPa) is less than
the yield strength (&550 MPa) of the steel. There-
fore, the defect edge is not deformed plastically and
all the measurements are within the elastic limit.

The MBN experimental setup used for the above
experiment can con"dently detect a stress di!er-
ence of &5 MPa. The spatial resolution of the
setup is 1 mm, i.e., the setup can detect the stress
di!erence between two points which are only 1 mm
apart. As already mentioned in the experimental
section, this experimental setup measures the MBN
signals from the surface of the sample. Therefore,
any kind of irregularity on the surface of the sample
can change the MBN signal to some extent. But by
plotting average curve through experimental data
taken at very close interval can reduce the uncer-
tainty in the estimation of stress.
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Fig. 6. Axial two-dimensional slice of (a) radial and (b) axial
MFL data shown in Fig. 5 at 1.25 T pipe wall #ux density and
under 0 and 175 MPa hoop stress.

3.2. Study of MFL signals

Figs. 5a and b show the surface and contour plot
of the radial and axial MFL signals from the racet-
rack-shaped defect at 1.25 T pipe wall #ux density
and in the absence of any stress. For these measure-
ments, the applied DC magnetic "eld is parallel to
the pipe axis direction and hence very close to the
magnetic easy axis of the steel. The radial compon-
ent shows two peaks in opposite directions near the

two curved edges of the defect. With increase of
circumferential hoop stress, this peak value de-
creases. Figs. 6a and b show, respectively, two-
dimensional slices of the radial and axial MFL
signals (shown in Fig. 5) along the pipe axis direc-
tion for two limiting values of stresses p"0 and
175 MPa and at 1.25 T pipe wall #ux density.
When any defect, such as a corrosion pit, is present
in an axially magnetized pipe wall, that defect acts
as a magnetic reluctance and impedes the #ow of
the magnetic #ux. Thus, the magnetic #ux is forced
to #ow around the defect. When the magnetic easy
axis is close to the pipe axis direction, the permeab-
ility in the circumferential direction is smaller than
that in the axial direction which results in increased
leakage of magnetic #ux from the steel wall. If
a circumferential hoop stress is applied to the pipe
wall, the magnetic easy axis changes its direction
from pipe axis direction to the circumferential
direction [3,7] and the permeability in the circum-
ferential direction is increased while that along the
axis is reduced. This causes more #ux to #ow
through the steel pipe wall and around the defect
when an external circumferential hoop stress is
applied, decreasing the leakage #ux with increased
hoop stress.

The e!ect of stress on MFL signals depends on
the pipe wall magnetic #ux density. Fig. 7 shows the
variation of radial MFL peak-to-peak value
(MFL

11
) with stress at three pipe wall #ux densities.

The percentage change of radial MFL
11

at
175 MPa compared to the 0 stress value is shown in
Fig. 8. From this "gure, it is observed that the e!ect
of stress is maximum around 1.2 T pipe wall #ux
density. The axial components of MFL signals
show similar results.

4. Conclusions

Magnetic Barkhausen noise measurements can
be used for stress distribution studies around de-
fects of various shapes and sizes in ferromagnetic
materials. The present study shows a stress concen-
tration of &3 developed at the edge of a racet-
rack-shaped defect having length &55 mm, width
&14 mm and depth &50% of the wall thickness.
Magnetic #ux leakage measurement can also be
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Fig. 7. The variation of radial MFL
11

(normalized with respect to the zero stress value) with hoop stress for 1.15, 1.25 and 1.35 T pipe
wall #ux density.

Fig. 8. The percentage change in the radial MFL
11

at 175 MPa stress with respect to the 0 stress value.
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used to check the presence of defects or #aws in
a ferromagnetic material. The MFL study of
a racetrack-shaped defect shows that the external
stress such as line pressure stress, in in-service oil
and gas pipeline, can change the leakage "eld
by more than 40%. The study also shows that
the e!ect of stress on MFL signal depends on the
pipe wall #ux density and is maximum when the
pipe wall #ux density is around 1.2 T.
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