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Abstract—We report on studies of the effects of hoop and
axial tensile stresses on magnetic flux leakage (MFL) signals from
50% penetration electrochemically milled pits eroded in line pipe
steel. It is observed that stress can change the MFL signal by
more than 50%, depending on the magnetization of the pipe wall.
The studies were performed on pits created in both the absence
and presence of 330-MPa hoop or axial tensile stress. The MFL
results obtained in the two cases show detectable differences if
the applied stress is high enough to create plastic deformation
in the regions of stress concentration near the pits. The effect
of stress applied during pit erosion is less than that when the
same stress is applied during the subsequent measurements.
Magnetic Barkhausen noise (MBN) measurements have been used
to study the stress concentrations around electrochemically milled
and mechanically drilled defects and have shown that signifi-
cant additional stress and plastic deformation can be introduced
during mechanical drilling. The MBN results are used to assist
interpretation of the stress-dependent MFL results.

Index Terms—Barkhausen noise, corrosion pits, flux leakage,
magnetic, pipelines, plastic deformation, tensile stress.

I. INTRODUCTION

OIL and gas pipelines are normally buried. They are
inspected, while they are in service, by pumping tools

through the lines. Inspection tools based on magnetic flux
leakage (MFL) measurements [1] are the most economical
method used for detecting metal loss, such as corrosion pits.
For these measurements the steel wall of the pipe is axially
magnetized to near saturation. The reduced wall thickness at
a corrosion pit causes more flux to leak out from the pipe
wall and is detected by a Hall probe or an induction coil [2].
The circumferential pipe wall stress due to the line pressure
of the oil or gas can be as high as 70% of the yield strength.
There can also be axial stresses in the pipes due to cold field
bends or generated by such natural phenomena as subsidence.
These stresses can change the MFL signals by more than
50% since the coercivity, permeability, and other magnetic
properties of the steel are altered by stress. The effect of
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stress on MFL signals should therefore be incorporated when
estimating defect sizes from MFL measurements.

Magnetic Barkhausen noise (MBN) measurements can be
used as a nondestructive technique for characterizing the
magnetic properties of line pipe steel. Barkhausen noise is
generated by the jerky motion of 180domain walls. The
voltages induced in surface pick up coils by these flux changes
can be used for microstructural characterization [3], [4] to
determine the magnetic easy axis [5] to estimate residual stress
to monitor grain size of magnetic materials [6], etc.

The introduction of a pit changes the stress distribution in
the immediately surrounding pipe wall and can result in high
local concentrations of the applied stress. The action of defects
as stress raisers in pipelines can cause leakage or rupture
when the local stresses increase beyond the yield strength.
The stress distributions around a through hole in a thin plate
of infinite length and width can be determined by using Airy’s
stress function approach. The solution for the tangential stress
component distribution in polar coordinates (Fig. 1) is given
by [7]

(1)

where is the radius of the hole, is the distance measured
from the center of the hole, is the applied stress (along the

axis in Fig. 1) and , the angle with respect to the axis in
Fig. 1. The variation of the tangential component in theaxis
direction ( ) with distance along the axis can be obtained
by setting and in (1). This gives a maximum hoop
stress at the hole edge where . This
is called the stress concentration factor. decreases rapidly
from 3 to within a distance of from the center of the
hole, as shown in Fig. 1. The stress distributions around a
hole have been measured by neutron diffraction [8]–[10] and
photo elasticity [11]. MBN measurements have also been used
recently to determine the stress concentration around a 50%
penetration pit [12].

In pipelines most of the corrosion pits are developed while
they are operational and hence under stress. A recent MFL
study gives an indication that stresses around a pit developed in
the absence of stress are different from those made while under
an applied stress [13]. However, in most laboratory studies
artificial defects are simulated by mechanically drilling pits in
an unstressed pipe wall. This is not a true representation of the
corrosion pits occurring in pipelines. Mechanical drilling can



Fig. 1. Schematic illustration of stress profile line from the edge of a through
hole.

develop extra residual stresses or plastic deformation around
the simulated defect which can also affect the MFL results.
Therefore, in the present work, the effect of stress on MFL
signals has been studied by simulating artificial pits in line
pipe steel by electrochemical milling (ECM) in the absence
and in the presence of applied stress. The results obtained
from the defect eroded in the absence of stress are different
from those for the defect created while subjected to an external
stress. MBN measurements have also been made to study the
stress concentrations around the defects in order to help to
understand the MFL results.

II. EXPERIMENTAL

Schematic diagrams of the apparatuses used for MFL mea-
surements are shown in Fig. 2. They contain a magnetizer,
a pipe sample stressing arrangement, and a leakage field
measuring system, as shown in Fig. 2(a) [14]. The magnetizer
uses a number of high strength NdFeB permanent magnets
providing a unidirectional axial field in the pipe wall. The
strength of the magnetizer can be varied by changing the
number of permanent magnets in each pole arm or by varying
the cross-sectional area of the back iron in the magnetizer.

The stressing arrangement for giving circumferential hoop
stress [Fig. 2(a)] consists of a 635 mm long pipe section from
an API X70 pipe with 610 mm outer diameter, 9 mm wall
thickness and made of steel with Mn: 1.46%, C: 0.12%, and
S: 0.003% by weight. A pressure vessel (henceforth termed
the “hydraulic pressure vessel”) was created using the above
pipe section as the outside wall and sealed with compressed O
rings to a flanged inner concentric cylinder of slightly smaller

diameter. Hydraulic fluid can be pumped into the resultant
chamber to generate circumferential hoop stress. The pressure
is monitored by a pressure gauge.

The effect of tensile stress on MFL signals has been studied
by developing a 5 m long 100 mm wide “composite beam”
made by bonding two single axial strips of pipe maintained
parallel to each other and separated at a fixed distance of 29
mm by alternating strips of fiberglass and plywood, forming
the web of a composite truss beam [Fig. 2(b)]. One end of the
beam was kept fixed by clamping it to another rigid pipe sec-
tion. Controlled axial tensile stress could be applied to the up-
per portion of the composite beam by keeping a wooden saddle
between the composite beam and the rigid pipe and deflecting
the other end of the composite beam with a scissors jack.

The MFL signal measuring system uses a Hall probe as the
sensing element. Pits in the steel wall of the pipe produce
increased magnetic reluctances to the flux flow thus diverting
more flux into the air. The axial, radial, and circumferential
components of these leakage fields can be measured by adjust-
ing the Hall probe to the corresponding configuration. The Hall
probe is connected, through an amplifier, to a PC data acquisi-
tion system. A 40 mm 40 mm area around a 14 mm diameter
circular pit is scanned by the Hall probe at 1 mm intervals.

Details of the experimental setup for MBN have been
described previously [5], [12]. A U-shaped ferrite core, with
a coil wound around it, is used to generate MBN within
the pipe wall. 12 Hz ac is passed through the coil. The
MBN voltages are detected by a small magnetic read head
placed between the two pole pieces of the ferrite core. A
description of the magnetic read head has been given earlier
[15]. The signal from the read head is amplified by 1000
and then passed through a 3–200 kHz band-pass filter. The
filtered signal is interfaced with a PC having a resident
digital oscilloscope board (Computerscope). The MBN signal
is sampled at intervals of 1s for 16 ms with a buffer size
of 8K. Eight traces are taken for each measurement. Only
those voltages higher than a selected threshold of50 mV
are considered for analysis. The frequency range, 3–200 kHz,
chosen for MBN signal analysis, gives a skin depth of about
0.1 mm. Hence, the MBN response from just the surface
of the sample was measured. A parameter “MBN ” is
introduced to characterize the MBN [5]. It is calculated by
integrating the square of the pickup voltages over all the eight
traces with respect to time, i.e., MBN .

The stress dependence of the pipe wall magnetic flux density
was measured in the presence of the magnetizer at different
field strengths. A 20 turn flux coil was wound through two
holes in the wall. The direction of magnetization of the pipe
wall was changed by rotating the magnetizer by 180. The
corresponding induced voltage in the flux coil was integrated
by a fluxmeter to obtain the flux density.

Two circular pits of diameter 14 mm and depth 4.5 mm
( 50% of the wall thickness) were made, using ECM, in the
upper surface of the composite beam to simulate corrosion
pits. One pit was created without applied stress while the other
was produced under an applied tensile stress of 330 MPa. Two
similar pits were created on the hydraulic pressure vessel, one
in the absence of stress and the other, in the presence of 330



(a)
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Fig. 2. Experimental setup for measuring MFL signals from defects using (a) the hydraulically pressurized vessel and (b) the composite beam
bending apparatus.

MPa circumferential hoop stress. A 50% penetration pit was
also made on the hydraulic pressure vessel, using mechanical
drilling, to compare the stress distributions surrounding this
defect to that around the ECM pits. Details of the pits are
given in Table I.

III. RESULTS AND DISCUSSION

A. Magnetic Flux Leakage Study

MFL signals were studied for the following four cases.

Case 1): Hoop stress dependence of MFL signals from the
ECM defect, ECM1, created in the absence of
stress on the hydraulic pressure vessel.

Case 2): The same study as Case 1) for the defect ECM2
created in the presence of 330 MPa circumferen-
tial hoop stress 330 MPa).

Case 3): Axial tensile stress dependence of MFL signals
from the ECM defect, ECM3, eroded in the ab-
sence of stress ( on the composite beam.

Case 4): The same study as Case 3) for the defect ECM4
created in the presence of 330 MPa axial tensile
stress ( 330 MPa).

Fig. 3(a) and (b) shows, respectively, the surface and con-
tour plots of radial (normal component) MFL signals from the
defects in the hydraulic pressure vessel created in the absence
of stress [Case 1)] or in the presence of 330 MPa hoop stress
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Fig. 3. Surface and contour plots of radial (normal) MFL signals from 14
mm diameter, 50% penetration, ECM defects created (a) in the absence of
stress and (b) with an applied 330 MPa hoop stress on the hydraulic pressure
vessel. The pipe wall was magnetized axially to 1.8T .

[Case 2)] both at an axial magnetic flux density of 1.8. Simi-
larly, Fig. 4(a) and (b) shows surface and contour plots of axial
MFL signals from the same defects and at the same flux den-
sity. For the pit created in the absence of stress [Case 1)] the
peak values of both the radial and axial components [Figs. 3(a)
and 4(a)] are approximately 4% higher than those of the defect
created under stress [Case 2, Figs. 3(b) and 4(b)]. Fig. 5 shows
the variation of the radial MFL peak to peak value (MFL)
for these defects as a function of the magnetic flux density in
the pipe wall for two different hoop stresses, and 132
MPa. For all flux densities and stresses, the MFLfor Case 1)
is 4 to 8% higher than that for Case 2). This change is greater
than the maximum experimental error of 1%. The opposite

(a)

(b)

Fig. 4. Surface and contour plots of axial MFL signals from 14 mm diameter
50% penetration ECM defects (a) eroded in absence of stress and (b) under
330 MPa hoop stress. The pipe wall was magnetized axially to 1.8T .

results are observed for the defects on the composite beam,
i.e., the MFL signals are smaller for the defect eroded in
the absence of stress compared to those from the defect made
under 330 MPa axial tensile stress. Axial MFLvalues also
show the same variational trends as the radial components do.

Application of tensile stress (on the composite beam) in-
creases the MFL signals while hoop stress (on the hydraulic
pressure vessel) decreases the same. Fig. 6(a) and (b) shows,
respectively, the stress dependence of MFLsignals from the
defects made in the absence and in the presence of stress.

The percentage changes in MFLat 220 MPa, with respect
to the zero stress values, are plotted in Fig. 7 for all defects
as a function of magnetic flux density. This study shows that
the effect of stress is at a maximum for a particular value



TABLE I
SIMULATED DEFECTS

ADEFECTS ARE CIRCULAR BLIND PITS, DIAMETER �14 MM, DEPTH 4–5 MM (50% THROUGH WALL )

Fig. 5. Variation of radial MFLpp with pipe wall flux density at 0 and 132 MPa hoop stress from 14 mm diameter 50% penetration ECM defects on
hydraulic pressure vessel created without and under 330 MPa hoop stress.

of flux density. The percentage change in MFLwith stress
is greater (a maximum difference10%, compared with the
maximum experimental error of1.5%) for the defects eroded
under stress compared to the defect created in the absence of
any stress.

The polycrystalline steels used for the manufacture of line
pipe consist of small grains with grain sizes below 100m
[16]. Before any kind of crystalline texturing by rolling, the
grains are oriented randomly. At this stage, the directions
of the magnetic easy axes vary from grain to grain and the
magnetization vector in each grain tries to align along one of
the cubic axes of the crystal, the100 directions, which are
energetically favorable [17]. Rolling of the steel billets during
the manufacture of line pipe induces an anisotropy because
of directional ordering by slip movement [18]. The local easy
axes of the grains combine to form a net macroscopic easy
axis in the steel sheet close to the direction of rolling. This roll
anisotropy causes more 180domain walls to align along the
local easy axes and hence along the macroscopic easy axis of

the steel. The irreversible and discontinuous wall displacement
of these 180 domains gives rise to a maximum MBN
along the macroscopic magnetic easy axis of the steel sheet,
which is close to the axis of the pipe.

The application of an external stressproduces a magnetoe-
lastic energy , where is the saturation
magnetostriction coefficient along the100 direction, and
modifies the magnetic properties of steels by changing the
180 domain volume and wall population. It also modifies the
pinning energies of the material. The direction of the easy axis
is then determined by the minimization of magnetocrystalline
and magnetoelastic anisotropy energies [19]. For an iron single
crystal, the stress anisotropy is generally a few orders of mag-
nitude less than the crystal anisotropy [19]. Therefore, the easy
axis in steel is mainly determined by the crystalline anisotropy
energy and, in each grain, it takes the100 direction, which
is mostly parallel to the applied stress direction.

The initial ( ) magnetic easy axis of the pipe section
is close to the pipe axis. Therefore, the application of circum-
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Fig. 6. Variation of radial MFLpp (normalized with respect to 0 stress value)
with hoop or axial tensile stress at various magnetic flux densities from the
defects eroded (a) without stress and (b) under 330 MPa stress.

ferential hoop stress in the hydraulic pressure vessel changes
the direction of the easy axis toward the hoop direction [14].
As a result the permeability increases in the circumferential
direction and diminishes toward the pipe axis. This causes
more magnetic flux to flow through the steel around the
circular defects in the axially magnetized pipe wall than to
leak out of the pipe wall. Consequently the MFL signal
decreases with the increase in hoop stress, as shown in
Fig. 6(a) and (b). On the other hand, axial tensile stress
increases the permeability along the axis of the composite
beam and reduces it in a direction perpendicular to the beam
axis [14]. These opposite effects of external axial tensile stress
on the directional permeability of the steel wall around the
defect cause axial stress to enhance the MFL signals, as shown
in Fig. 6(a) and (b).

The steeper increase in MFLabove a critical flux density
seen in Fig. 5 is due to the decreased strength of the detour flux
dipole (DFD), which develops at the bottom of the defect at
low flux densities [14], [20]. This dipole generates an opposing

magnetic field in the defect region and, at low fields, reduces
the flux diverted into the leakage field. At high field the
permeability of the region at the bottom of the pit decreases
due to the high flux concentration there. This reduces the
strength of the DFD and allows more flux to be diverted into
the air thus causing the rapid increase in the MFL signals.

A 50% penetration defect develops almost twice the magni-
tude of applied stress at the edge perpendicular to the direction
of external stress [12]. The yield strength of the steel used
is 500 MPa. When a similar defect is created under the
influence of 330 MPa stress, the edges around the positions
of stress concentration (points marked byfor hoop stress
and for axial stress on Fig. 8) are plastically deformed
and the number of dislocations increases in those regions
[21]. After tensile plastic deformation, residual compressive
stresses are developed parallel to the deformation axis [22].
This resulting microstress impedes both domain wall motion
and domain rotation, increasing the magnetic hardness in these
regions.

The magnetic hardness at the edgesof the defect intro-
duced under MPa on the hydraulic pressure vessel
causes less flux to leak out compared to that for the defect
eroded with (Fig. 5) and the rate of change in MFL
with applied hoop stress (Fig. 7) is also greater for the defect
created under stress since, due to the presence of magnetically
hard zones at the edges, more flux flows through the steel
with the application of circumferential hoop stress. Similarly,
the edges (Fig. 8) of the defect in the composite beam
created under MPa are plastically deformed and
magnetically hardened. This causes less flux to flow through
the material around the defect and more flux to leak out with
respect to that from the defect on the composite beam eroded
with . The rate of change in MFL with applied
axial stress (Fig. 7) is also higher for the defect made with

MPa axial stress compared to that for the defect
made with as, in the former case, more flux is forced
to leak out of the material by the application of external axial
stress due to the presence of magnetically hard regions in the
stress concentration zones of this defect.

B. Stress Concentration Study Using MBN Measurements

In order to understand the MFL results, MBN measurements
were used to study the stress concentration for the ECM defect
in the hydraulic pressure vessel created in the absence of stress
and before any kind of deformation [Case 1), as mentioned in
the previous section]. Fig. 9 shows the stress dependence of
the MBN , scanned from the defect edge in a direction
perpendicular to the hoop stress direction, i.e., along the
axis in Fig. 1. The smooth curves are low order polynomial
fits to the data. A rapid large increase in MBN takes
place near the defect edge when an external hoop stress is
applied. The magnitude of stress at the defect edge is higher
(almost twice) than the applied stress [12]. In order to first
study effects in the elastic region and to avoid any plastic
deformation at the edge, the measurements were performed
up to 220 MPa. After these measurements within the elastic
limit, the hoop stress was increased to 330 MPa and the



Fig. 7. The percentage change of radial MFLpp at 220 MPa stress with respect to 0 stress value [from Fig. 6(a) and (b)] as a function of initial flux density.

Fig. 8. Distribution of magnetic flux around a circular defect.

MBN was measured at the same positions. The yield
strength of this steel is 500 MPa. An applied stress of 330
MPa is therefore sufficient to create some plastic deformation
near the maximum stress concentration positions at the defect
edge. The variation of MBN with distance from the
defect edge, obtained at 330 MPa applied hoop stress, is also
plotted in Fig. 9. Near the edge of the pit the form of this
curve appears to differ significantly from those of the lower
stress curves. This is attributed to the onset of plastic strain.
The stress was then reduced progressively to zero and the
effect of plastic deformation on MBN examined. Fig. 10
shows the variations in MBN measured again at the same

positions at applied hoop stresses from 220 to 0 MPa. The
MBN results measured near the edge of the defect under
hoop stress after plastic deformation (Fig. 10) are smaller than
the corresponding MBN measurements before plastic
deformation (Fig. 9), particularly at low or zero stress. This
change is evidence that there has been plastic deformation.

In order to examine whether or not mechanical drilling
generates residual stress, MBN was measured along the

axis (Fig. 1) of the mechanically drilled 50% penetration
defect. Fig. 11 shows the results for various applied stresses.
In this case MBN decreases near the edge of the pit for
all the applied stresses, in contrast to the increases observed for



Fig. 9. Change in MBNEnergy with distance from the edge of a 50% ECM defect before any plastic deformation measured in a direction (X-axis in
Fig. 1) perpendicular to the applied stress at various hoop stresses.

Fig. 10. Linear variation of MBNEnergy from the edge of a 50% ECM defect after plastic deformation measured in a direction (X-axis in Fig. 1)
perpendicular to the applied stress at various hoop stresses.

the ECM defects. This indicates that the mechanical drilling
caused plastic deformation or residual compressive stress near
the edge of the pit.

The stress dependence of the MBN was also measured
at several points subsequently on the edge of ECM defects
but prior to their creation. Their average values are plotted in
Fig. 12. This elastic stress versus MBN curve was used

as a calibration for estimations of stress concentrations caused
by the ECM defect.

The increase in MBN near the defect edge perpen-
dicular to the applied stress direction is due to the stress
concentration at that edge, as suggested by (1). According to
(1), for a through-hole , the stress component along the
direction of applied stress (the axis in Fig. 1), should drop



Fig. 11. Variation of MBNEnergy with distance from the edge of a 50% ball-milled defect measured in a direction (X axis in Fig. 1) perpendicular
to the applied stress at different hoop stresses.

Fig. 12. The stress versus MBNEnergy calibration curve used for the estimation of stress.

suddenly from to , being the applied stress, within a
distance along the axis of from the defect edge, where
is the radius of the hole. A similar kind of behavior is reflected
in the MBN versus distance experimental data, shown
in Fig. 9. The presence of a higher stress component near the
defect edge on the axis ( ) enhances the MBN
along that direction.

Stress variations from the defect edge on theaxis (Fig. 1)
have been estimated and are shown in Fig. 13. The calibration
curve shown in Fig. 12 was used. Within the elastic limit,
the stress distribution has been determined from the MBN
measurements at 176 and 220 MPa external stress. Both give
almost the same stress distribution with a stress concentration
of 1.9 at the defect edge. Although the calibration curve of



Fig. 13. The stress distribution (normalized with respect to the applied stress) with distance from the edge of a 50% ECM defect measured in a direction
(X-axis in Fig. 1) perpendicular to the applied stress direction for various hoop stresses.

Fig. 12 should only be used within the elastic range, it has also
been used here to estimate the stress concentration from MBN
data at 330 MPa to indicate the plastic deformation occurring
at the stress concentration edge. The stress concentration
decreases to 1.5 when estimated from MBN measurement
at 330 MPa. This indicates plastic deformation at the stress
concentration edge when the stress increases to over

MPa, which is close to the yield strength of the
steel.

After plastic deformation, the MBN at de-
creases near the defect edge (Fig. 10), indicating the presence
of compressive residual stress and a magnetically hard region
at that edge, as is predicted from MFL study in the earlier
section. A similar behavior in the residual stress was also
observed earlier for a cold expanded hole in a steel plate
using neutron diffraction [8].

The decrease in MBN at the stress concentration
edge of the mechanically drilled defect (Fig. 11) indicates the
presence of residual compressive stress or plastically deformed
regions at the defect edge.

IV. CONCLUSIONS

Line pressure stress in in-service oil and gas pipelines can
change the magnetic flux leakage signals by more than 50%.
The magnitude of the MFL signal decreases with increasing
circumferential hoop stress while tensile stress increases the
same for pipes where the magnetic easy axis is directed along
the pipe axis. The MFL signals measured from the defect
created in the absence of stress show up to 8% changes from
those for the defect eroded under an applied stress if it is suf-
ficiently high to create some plastic deformation at the stress
concentration edge of the defect. In this case, where the field is

axial and the tensile stress is circumferential, the variation in
MFL with stress for the defect eroded in the absence of stress
is rather less (maximum 10%) compared to the defect created
in the presence of the 330 MPa circumferential hoop stress.
Mechanically drilled defects may also differ from chemically
eroded defects as mechanical drilling can generate significant
additional residual stresses or cause plastic deformation around
the defects. Magnetic Barkhausen noise can be used as a
nondestructive tool to estimate the stress concentration and to
detect plastic deformation around a defect. Quantitative resid-
ual stress measurements, independent of the state of plastic
deformations, however, require Barkhausen noise calibration
on specimens with different plastic deformations.
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