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1. Introduction

1.1. Magnetic easy axis in processed steel materials

Magnetic properties, such as the degree of mag-
netic anisotropy and direction of magnetic easy
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axis, play a role in determining the form of mag-
netic flux leakage signals that may arise from de-
fects during the in-service inspection of oil and gas
pipelines [1]. This implies that the characterization
of magnetic properties of line pipe steels is crucial
for the interpretation of these signals. The consider-
able variation observed in magnetic properties be-
tween line pipe steels of similar mechanical
characteristics [2], may be associated with the var-
iety of processing steps generated during their
manufacture [3]. Typically, these steels may be
characterized by either a single dominant magnetic
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Angular dependent magnetic Barkhausen noise (MBN) signals measured on plate steel, and on the inside and outside
surfaces of sections of seam welded and spiral welded 2% Mn steel pipe are modeled by considering a system of dipole
moments. The relative orientation of dipole moments is fixed within the material, but their magnitude grows in the
presence of an applied field. Growth of the moments is proportional to the magnetic field projected along a particular
moment axis. A single easy axis material consists of an isotropically aligned population of moments, giving the
background, upon which is superimposed a population of moments with relative orientations that result in a net moment
within the sample. A dual easy axis system is proposed to consist of: (i) a second population of moments with orientations
resulting in a net moment with orientation different from that of the first and (ii) interactions, possibly quadrupolar in
nature, that occur between the individual moments of each population. The model is used to explain differences in the
angular-dependent MBN signal between the seam welded pipe, with a single easy axis, and the spiral welded pipe, with
a dual easy axis. The source of the dual easy axis system in the spiral welded pipe, which is different on the two pipe
surfaces, is considered in terms of the asymmetric manufacturing processes, relative to the pipe axis, applied during its
production.



easy axis or by isotropic magnetic characteristics
under conditions of zero stress [2—5]. However, this
does not exclude the possibility of the formation of
multiple magnetic easy axes, as might arise under
a variety of manufacturing and processing steps
[6]. The presence of such a multiple easy axis
system may complicate the response of the material
to an applied field, which under conditions of mag-
netic inspection, may make the interpretation of
flux leakage signals more difficult. Therefore,
a method by which such a multiple easy axis system
may first be detected and secondly, characterized, is
required.

In steel in the unmagnetized, unstressed state, the
domain magnetization vectors tend to align them-
selves along the cube axis of the crystal, the direc-
tion of easy magnetization being the S1 0 0T [6].
One possible source of magnetic easy axis within
a polycrystalline steel is that of anisotropic plastic
deformation. Such a condition may be generated by
the production of slip planes [6] as might arise
during cold rolling. These produce micro-residual
stresses within grains. Regions of local strain and
associated magnetic anisotropy have been asso-
ciated with high dislocation density regions [7],
therefore modifying the direction and amplitude of
the magnetic easy axis within the polycrystalline
material [6]. Other manufacturing stresses that
may produce significant sources of plastic deforma-
tion in line pipe steels include bending and post
expansion, which introduce further nonuniform
plastic deformation and consequent residual stres-
ses [3,8].

Superimposed upon the microscopic stresses that
occur on the order of the grain size are the larger
scale macro-residual stresses which extend over
many grains and are the result of macroscopic
nonuniform plastic deformation. These stresses
may also depend on the final steel geometry. As in
the case of applied stresses, these residual stresses
also result in magnetic anisotropy and a well de-
fined direction of easy magnetization [8—10].

The presence of both micro- and macro-residual
stresses during processing has been correlated with
magnetic properties measured in seam welded pipe
[3]. Here, a single easy axis along the pipe axis
direction, which is in the original plate rolling di-
rection, was identified [4]. Magnetic anisotropy

variations through the thickness of the pipe wall,
resulting in differences between the inner and outer
pipe surfaces, were correlated with variations in
the residual circumferential stress identified with
nonuniform plastic deformation produced by be-
nding processes.

The single easy axis system produced in seam
welded pipe or presented in simple plate steel may
be compared with that obtained during the produc-
tion of spiral weld pipe. In this case, the plate steel is
rolled over and welded at a 45° angle with respect
to the final axial pipe direction. A final mechanical
expansion, results in a 1.5% increase in pipe dia-
meter [11]. Measurements presented here suggest
that this processing facilitates the production of
a dual magnetic easy axis system, with one easy axis
along the pipe axis and the other parallel to the
plate rolling direction. Characterization is per-
formed using the magnetic Barkhausen (MBN)
technique [4], which differentiates separate easy
axes as well as possible interactions between ele-
ments of the dual easy axis system.

1.2. Characterization of the magnetic easy axis
by magnetic Barkhausen noise

In the presence of an applied time-varying mag-
netic field, small abrupt changes in the local mag-
netization of a ferromagnetic material arise. These
sudden localized changes in magnetization are gen-
erally associated with the abrupt motion of domain
walls from one pinning site to the next [12,13]. The
consequent voltages induced in a pick-up coil
placed on or around the sample under investigation
are referred to as magnetic Barkhausen noise
(MBN). The MBN signal measured as a function of
the angle of the magnetic sweep field applied paral-
lel to a sample’s surface, has been used to investi-
gate the relative magnitude and direction of the
magnetic easy axis in pipeline steels [3,4,9] and in
3% Si—Fe steel laminates [14]. The angular-depen-
dent MBN signal has been correlated with process-
ing associated with line pipe manufacture [3] and
with stress applied along the sample’s easy axis
direction [9].

The MBN energy (MBN
ENERGY

) has been de-
fined as the time integral of the voltage squared
signal [4]. The angular-dependent MBN

ENERGY
in



pipeline steels has been found to be described by
[4,9]

MBN
ENERGY

(h)"a cos2(h!/)#b, (1)

where h is the angle of the applied magnetic field
with respect to a fixed direction, / is the angular
direction of the sample’s magnetic easy axis, a is
a fitting parameter that represents the angular-
dependent component of the MBN

ENERGY
and b

is the corresponding parameter that represents
the angular-independent background of the
MBN

ENERGY
signal. a has been related to the frac-

tion of domain wall motions for 180° domain walls
that are oriented along and, therefore, contribute
to, the magnetic easy axis of the sample [4,9,14].
b has been attributed primarily to 180° domain
wall motions from domain walls that are isotropi-
cally aligned with respect to the magnetic easy axis
[4,9,14]. The maximum in the MBN

ENERGY
signal

obtained from a full angular rotation of the mag-
netizing field at a fixed position on a sample with
a single easy axis indicates the direction of the
macroscopic magnetic easy axis of the sample at
that position [14—17].

2. Theory

2.1. Single magnetic easy axis system

The source of macroscopic anisotropy in poly-
crystalline steel materials is due to the easy axis of
the single-crystal grains of which they are com-
posed. This is a result of the intrinsic granular
anisotropy which maintains an easy axis along one
of the three crystallographic S1 0 0T directions of
the cubic Fe crystal system. Under conditions of
zero applied stress the particular easy axis along
which the domain magnetization vectors lie is de-
termined by; (i) macro-residual stresses within the
sample that favor the particular crystallographic
S1 0 0T direction which is most closely aligned with
the intrinsic stress direction [6,18,19] and (ii)
micro-residual stresses within grains that have as-
sociated with them their own ferromagnetic energy.
The production of local domain structures will re-
quire accommodation from neighboring domain

structures that minimizes the local ferromagnetic
domain energy. Therefore, these micro-residual
stresses may also define the nature of the bulk
anisotropy within the sample.

The observed uniaxial easy axis system in steels
has previously been described as being the result of
two populations of oriented grains [4]. The first
population of grains are those with local easy axes
that contribute to a net easy axis within the sample.
This population contributes to the angular depen-
dent component of the MBN signal as presented by
Eq. (1) [9]. The second population includes those
grains with particular easy axis contributions
which have a net vector sum of zero. For this
population the amount of magnetization change as
measured by MBN is independent of applied field
direction.

2.2. Dipole model

The elements of the two populations of domain
structures that might define the relative anisotropy
of a particular steel material have previously [20]
been considered in terms of regions of correlated
domain structures termed ‘interaction regions’. In
the demagnetized sample state, these interaction
regions are characterized by flux closure, which
results in a state of relative magnetic independence
from neighboring interaction regions. Their basic
unit may be perceived as a single iron crystal as
depicted in Fig. 1a. With the application of a mag-
netic field the requirement of flux closure is altered
in accordance with the increase in magnetic energy
of the interaction region. In low-to-medium fields
this may come about by the motion of domain
walls, allowing for the formation of a local net
moment. Such a possible change in domain config-
uration is depicted by the transition from Fig. 1a to
Fig. 1b. The dashed line indicates the boundary for
the excess magnetization of the domain configura-
tion. This region may be considered a bar magnet
or a single dipole. The low- and medium-field mag-
netic properties of the sample may be viewed as the
result of the combined effect of a number of such
dipoles. These dipoles are specifically characterized
by the properties: (i) the dipole can only take on
two fixed orientations, which are 180° out of phase
with each other, (ii) the magnitude of the changes in



Fig. 1. Formation of a dipole moment within a single grain or
interaction region under the action of an applied magnetic field.
The transition within a single grain in (a) exhibiting flux closure
to (b) the formation of a dipole moment.

the dipole moment are proportional to the com-
ponent of the field parallel to the moment axis and,
(iii) the moment axis corresponds to the local easy
axis of the single-crystal grain or interaction region
and, therefore, has a fixed orientation. At higher
fields, that approach saturation, domain wall
motion may be expected to be followed by domain
vector rotation as the primary magnetization
mechanism [13,21].

The energy of a single dipole within a magnetic
field is given by [6]

E
1
"!mH cos(h!/), (2)

where m is the magnetic moment, H is the field
acting at an angle h to the moment, and the easy
axis of the crystal is in the direction /. H is the
internal field, which is the sum of the applied mag-
netic field and mean field in the vicinity of the
interaction region [14,22]. The size of the moment
is itself a function of the distance the 180° domain
wall has moved within the basic single-crystal unit,
as indicated in Fig. 1b. This is determined by the
force that the magnetic field applies along the 180°
domain wall [4] and of the energy landscape, which
is the spatial variation of the surface-energy density
of the domain wall [23]. As barriers to the motion
of the 180° domain walls are overcome, the abrupt
motion of the domain wall to the next pinning site
results in a Barkhausen event. This corresponds to
an abrupt change in the magnitude of the moment
within an interaction region.

A minimization of the total energy of the system
[13] produces the distance over which the domain

wall moves under the action of a magnetic field

d"
2

C
I
s
H cos(h!/), (3)

where C is a constant. The size of the change in the
magnetic moment is proportional to the distance
d that the 180° domain wall has moved, the length,
l, of the crystal and its thickness, ¹. Therefore the
change in the moment is given as

*m"*pl"(¹dI
4
)l, (4)

where *p is the change in the pole strength. Com-
bining Eqs. (3) and (4) the change in moment during
a Barkhausen event, associated with the motion of
a single domain wall may be written in terms of the
applied field as

*m"

2¹l

C
I2
4
H cos(h!/)"KH cos(h!/), (5)

where K is a constant. If the interaction regions
[20] are primarily single isomorphic grains then
the approximation that ¹"l may be applied and
l becomes the average grain dimension within the
material. Under this condition the constant K may
be expressed as

K"

2l2

C
I2
4
. (6)

This indicates that the constant K is proportional
to the square of the grain size for isomorphic single
grain interaction regions, or the square of the di-
mensions of isomorphic interaction regions that
may be made up of a number of grains. By applying
Eq. (5) to Eq. (2) the expression for the incremental
change in energy associated with the increase in the
moment of a dipole as measured during a Bar-
khausen event becomes

*E"!AH2 cos2(h!/). (7)

This expression has the same field and angular
dependence as the energy provided by a magnetic
field to move a 180° domain wall [13].

In the evaluation of the MBN
ENERGY

, the voltage
squared Barkhausen signal is integrated over the
time of the Barkhausen spectrum [4,13]. Similarly,
the total measured energy of abrupt increases in



dipole moment may be taken as the sum of the
incremental changes in energy expressed by Eq. (7).
This may be written as

E
T
"

n
+
i/1

*E
i
"

n
+
i/1

K
i
H2

i
cos2(h!/

i
), (8)

where i is the coefficient representing the ith event,
K

i
is the coefficient associated with that event, and

/
i
is the angle of the ith moment. There are a total

of n measured events.
Measured Barkhausen events may be separated

into those that are the result of moments that
contribute to the net easy axis and those that con-
tribute to the isotropic background. Separating out
the moments with orientation /

%
, that contribute to

the sample’s net easy axis, Eq. (8) for the total
measured energy becomes

E
T
"M +

%!4:

K
%
NH2

%
cos2(h!/

%
)

#+
j

K
j
H2 cos2(h!/

j
), (9)

where H
%

now indicates the field acting on those
interaction regions that produce the net easy axis
within the sample. The remaining interaction re-
gions are those associated with the isotropic back-
ground. Allowing

a"M +
%!4:

K
%
NH2

%
(10)

and

b"+
j

K
j
H2

j
cos2(h!/

j
), (11)

Eq. (9) becomes an equivalent expression to that of
Eq. (1).

The nature of the cubic crystallographic contri-
butions to the net easy axis of the sample and the
possibility of a range of alignments do not preclude
the generation of more than one net easy axis [6].
The above treatment of an array of dipoles is intro-
duced to more easily deal with the corresponding
anisotropic field contributions that may be intro-
duced by a second easy axis.

2.3. Dual magnetic easy axis system

Considered next is the situation of two dipole
populations each of which contribute to one of
two easy axes within the sample. In this case, the
possibility of interacting dipole pairs, each dipole
of which contributes to a separate easy axis with-
in the sample, arises. These dipole pairs may also
be within the same interaction region. In this
case a Barkhausen event is interpreted as an
abrupt change in magnetization within either mo-
ment that is correlated with an abrupt change in
the other.

The model to be developed here considers sev-
eral assumptions. These are:
(i) Two separate populations of dipoles, with

a dominant axis orientation for each case, are
dispersed relatively uniformly throughout the
sample.

(ii) The proximity of neighboring dipoles from
each population is such that interactions be-
tween dipoles during a Barkhausen event oc-
cur.

(iii) These interactions may not necessarily be de-
scribed as a dipole—dipole interaction and
higher-order interaction terms may be re-
quired.

(iv) Correlated moment interactions may be as-
sumed to be within range of action of local
dipole or higher-order field gradients from
neighboring moments which have not under-
gone an abrupt magnetization change at the
same time.

Case (iii) above arises due to the possible proxim-
ity of interacting moments. In this instance the
lengths of the moments may not be considered to
be smaller than the distance between them, since
they are described as being in close proximity to
each other in the same ‘interaction region’. This
implies that the dipole interaction approximation
[6] may not be applied and the next stage of multi-
pole field interactions, that of the quadrupole, is
required [24,25].

The formation of a dual easy axis dipole pair in
an applied field is represented by the transition
from Fig. 2a to Fig. 2b. Here the two moments
are the result of single crystal units that are oriented
at an angle of /

B
!/

A
apart, and separated by



Fig. 2. A pair of grains making up an interaction region,
oriented with their respective easy axis separated by an angle of
/
A
!/

B
. (a) Flux closure is assumed to be present in each grain

of the pair under zero field; and (b) with the application of
a magnetic field, moments form in each of the grains, producing
a net quadrupole moment for the interaction region.

a distance r. A magnetic field has been applied at an
angle h. If the elements of this formation are ex-
tended throughout the sample it is expected that
this system will have the properties of a dual mag-
netic easy axis system.

2.4. Quadrupole interaction energy

In the event that the energy of formation of a
change in moment, *m, oriented along one bulk
easy axis is correlated with the change in moment
along the other bulk easy axis within the same inter-
action region a quadrupole term, E

Q
, may be intro-

duced into the expression for the MBN
ENERGY

. This
additional quadrupole energy has the form [24]

E
Q
"!

1

6
+
m

+
n

Q
mn

H
n

x
m

(0), (12)

where the sum is over the nine elements Q
mn

of the
quadrupole tensor [24,25], H

n
is the internal field

component, and x
n

relates to the coordinate posi-
tions (x

1
, x

2
, x

3
). Note that the energy of the quad-

rupole is the result of the moment interaction with
the field gradient, H

n
/x

m
. In the model presented

here the coordinate system is a function of the
applied field direction, since this factor also deter-
mines the magnitudes of the individual moments as
described by Eq. (5). The elements of the quadru-
pole tensor are given by [25]

Q
mn
"+

l

p
l
(3x

l,m
x
l,n
!r2

l
d
mn

), (13)

where the p
l
is the pole strength on either end of the

moment and

r2
l
"x2

l,1
#x2

l,2
#x2

l,3
. (14)

The Q coefficients for the particular geometry
shown in Fig. 2 may be obtained as

Q
11
"

C

3
(m

A
l
A
(3 sin2(h!/

A
)!1)

#m
B
l
B
(3 sin2(/

B
!h)!1))), (15)

where C is a constant that is dependent upon the
relative position and distance between the two
poles. m

A
corresponds to the magnitude of the

moment associated with the crystal that contrib-
utes to the A easy axis and m

B
corresponds to the

magnitude of the moment that contributes to the
B easy axis. m

A
and m

B
are proportional to

the component of applied field that falls along
their respective axes, cos(h!/), as described by
Eq. (5). l

A
and l

B
are the lengths of the A and B

moments respectively. Similarly,

Q
22
"

C

3
(m

A
l
A
(3 cos2(h!/

A
)!1)

#m
B
l
B
(3 cos2(/

B
!h)!1)). (16)

Note that Q
11
#Q

22
#Q

33
"0 and, therefore,

Q
33
"!

C

3
(m

A
l
A
#m

B
l
B
). (17)



The off-diagonal elements are obtained as

Q
12
"Q

21
"C(m

A
l
A

sin(h!/
A
) cos(h!/

A
)

#m
B
l
B

sin(/
B
!h) cos(/

B
!h)). (18)

The system described here takes place in two di-
mensions, which reflects the planar angular depen-
dent measurements to be described. In this instance
there are no moments out of the plane of the sample
and the Q

i3
and Q

3i
terms, where i"1 and 2, are

zero.

2.5. Sources of field gradients

As seen in Eq. (12) the quadrupole moment inter-
acts with the field gradient [24,25]. Sources of field
gradients that are large enough to produce signifi-
cant interactions with quadrupoles are expected to
be the result of internal fields, rather than those
that may be applied externally [26,27].

Under magnetization conditions the direction of
the applied field drives the domain walls over pinn-
ing barriers [23]. In the case of a single magnetic
easy axis this magnetization process is anisotropic,
with domain magnetization occurring most easily
along the magnetic easy axis direction. Therefore,
the interaction of applied field and internal magnet-
ization defines the field gradients that drive the
magnetic domain walls. This effective anisotropic
internal field is also present during Barkhausen
events, when these abrupt domain wall motions
take place.

The formation of a dual magnetic easy axis sys-
tem based upon contributions of two separately
oriented populations of moments suggests that, as
well as quadrupole interactions at the microscopic
level, the net bulk interaction is that of a quadru-
pole with the two net moments superimposed upon
each other. The magnetization of such a sample
results in the generation of a quadrupole field with-
in the sample. It is proposed here that this quadru-
pole field may provide a field gradient with which
the microscopic quadrupolar regions interact. This
bulk quadrupolar field is expected to have the same
angular dependent terms as the microscopic quad-
rupoles of which it is composed.

Another possible source of field gradients are
local variations in stress and strain [26]. Stress and

strain are factors to which the magnetic properties
are particularly sensitive [6,12,13]. Again it might
be expected that these factors may reflect symmet-
ries in the pipe manufacturing process that take
place on a macroscopic scale.

3. Experimental technique

MBN measurements were performed using a fer-
rite core sweep field magnet within which was
mounted a pick-up coil. The signal to the ferrite
sweep field coil was produced by a waveform gener-
ator and amplified by a bipolar power supply. The
MBN signal was received by the pick-up coil and
passed by a preamplifier with a gain of 5000. It was
then sent through a band-pass filter (3—200 kHz).
Finally, it was interfaced with a personal computer
that had a resident digital oscilloscope board
(Computerscope). The MBN record was stored for
subsequent retrieval and analysis.

Measurements were performed by applying an
oriented 12 Hz magnetic field through the U-core
magnet to the three low-carbon steel samples. The
first sample was 9.5 mm thick plate steel, the second
was from a 610 mm diameter, 9.5 mm thick section
of seam welded pipe and the third was from
914 mm (36A) diameter, 11 mm thick section of
a spiral welded pipe. In the spiral weld pipe the
weld is at 45° to the pipe axis direction. The relative
orientation of pipe axis and weld is shown in Fig. 3.
The MBN signal measured as a function of applied
sweep field amplitude indicated that the sample
was in the MBN saturation region, where the MBN
signal does not increase with increasing sweep field
amplitude [4]. A pancake coil with a turns]area
product of 3.4]10~3 m2, placed between the poles
of the U-core magnet, was used to sense the gener-
ated MBN signal.

Measurements of the easy axis were performed
by rotating the 2.5 mm long MBN sweep field mag-
net and attached pick-up coil through 360°]5° or
10° intervals. Data was sampled at a rate of
0.5 MHz and recorded over a burst that had
a length of 16 ms. Eight bursts of data were taken at
each point. The MBN signal was analyzed and the
results were reduced to 0—180° range by averaging
equivalent angles of the MBN sweep field.



Fig. 4. MBN
ENERGY

signal as a function of angle on a section of plate steel with a single easy axis. Solid curve is a best fit to the single
easy axis MBN

ENERGY
signal expression Eq. (1).

Fig. 3. Relative orientation of spiral weld pipe axis and 45°
weld orientation. MBN probe is mounted on an external pipe
surface.

An analysis of the MBN signal was conducted.
To define an event only those voltages measured
above a certain threshold, here set at $10 mV,
were considered in the analysis. Second, the re-

maining voltages measured in each of the time
intervals were squared and the area below this
spectrum was calculated. A sum over all eight
bursts of this squared voltage area was per-
formed. This value is referred to as the MBN

ENERGY
signal.

4. Results and interpretation

4.1. Single easy axis systems

Fig. 4 presents an example of the single easy axis
formed as a result of processing of plate steel. This
is characterized by the angular dependent variation
of the MBN

ENERGY
signal. In this instance, Eq. (1),

provides a complete description of the data. The
best fit parameters a, b and easy axis angle, /, are
summarized in Table 1. In terms of the dipole
model the angle / indicates the orientation of the
majority of dipoles within the sample. a is inter-
preted as the amount of MBN

ENERGY
above the

isotropic background noise that is generated by
these oriented dipoles. A measure of the relative
anisotropy in a single easy axis system has been
proposed as the ‘MBN

ENERGY
ratio’ [1]. This is



Table 1
Best Fit Parameters obtained from fits of Eq. (1), MBN

ENERGY
Ratio, and MBN

ENERGY
averaged over 180° (SENERGYT) of the various

steel samples, including the plate steel sample, (Plate), and the inner (In) and outer (Out) surfaces of the seam weld pipe (Seam) and the
spiral weld pipe (Spiral)

Sample a (m V2 s) / b (m V2 s) MBN
ENERGY

Ratio
SENERGYT
(m V2 s)

Plate 5.3 96° 7.1 1.35 9.8
Seam-In 11 3° 16 1.7 21.5
Seam-Out 4.8 !8° 20 1.2 22.4
Spiral-In 64.1 !30° 4.9 14 37.0
Spiral-Out 12.3 71° 30.0 1.4 36.2

Fig. 5. MBN
ENERGY

signal as a function of angle on the inside and outside surface of a seam weld pipe section. Solid curves are a best fit
to the data of the expression for the angular dependent MBN

ENERGY
signal for a single magnetic easy axis, Eq. (1).

defined as the ratio of the MBN
ENERGY

at a particu-
lar angle to that measured at 90° to that angle. The
maximum MBN

ENERGY
ratio for a single easy axis

system may be evaluated from the expression

MBN
ENERGY

Ratio"
a#b

b
. (19)

As indicated in Table 1, the MBN
ENERGY

ratio
for the plate steel sample has a value of 1.35. Note
that in the fully isotropic case a"0 and the
MBN

ENERGY
ratio will have a value of 1.

The affect of processing beyond the steel plate
stage may result in further modifications of the
magnetic properties of the steel material. This is
demonstrated by measurements of the angular-de-
pendent MBN

ENERGY
signal on the inside and out-

side surfaces of a seam weld pipe section as shown
in Fig. 5. Solid curves are best fits to Eq. (1). The
best-fit parameters are listed in Table 1. The energy
averaged over 180°, SENERGYT"a/2#b, for
both surfaces is effectively the same at 22 mV2 s.
A comparison of the MBN

ENERGY
ratio for the

two surfaces, reveals a higher value, 1.7, for



the inner surface over that of 1.2 for the outer
surface.

The similarity of the inner and outer surface
SENERGYT suggests that there is a similar density
of dipole moments on the two surfaces. Differences
in the degree of anisotropy on the two surfaces
suggests that the relative distribution of their ori-
entations is dissimilar. The altered distributions
may be attributed to differences in the direction of
residual stresses on the two surfaces, since the dis-
tribution of moments tends to align itself in the
direction of tensile stress, but shifts to a direction
that is perpendicular to the direction of compres-
sive stress [20]. Under zero applied stress condi-
tions a balance of stresses between the inner and
outer surfaces is required [3]. Therefore, with stres-
ses of similar amplitude acting on equivalent popu-
lations of grains, the angular-averaged MBN

ENERGY
signal may be expected to be the same.

The single easy axis in the seam welded pipe
reflects the symmetry of the pipe axis, longitudinal
weld and original plate rolling direction of this
material.

4.2. Dual easy axis system

The processing of the spiral weld pipe results in
a more complex angular dependent variation of the
MBN

ENERGY
signal as shown in Fig. 6. The sym-

metry, present in the processing of seam weld pipe,
has been reduced. This pertains to the original plate
rolling direction which, remaining parallel to the
weld, is now at !45° to the pipe axis. This suggests
that the resulting angular-dependent variation of
the MBN

ENERGY
signal might be most easily de-

scribed in terms of a dual easy axis system related
to the asymmetry of this system.

If it is assumed that the field gradient during
a Barkhausen event reflects quadrupolar magnetic
properties of the bulk sample and if the quadru-
pole terms in the plane of the sample are applied,
an approximate form of the angular dependent
MBN

ENERGY
may be formulated. Such an expres-

sion contains the angular-dependent energies of
each separate easy axis population. It also assumes
a semi-empirical expression for the quadrupole in-
teraction. As a first order approximation only the
diagonal elements of the quadrupole matrix, within

the plane of the sample where interactions with the
field gradients occur, are considered. These terms
are represented by Eqs. (15) and (16), with
m

A
"C

A
cos(h!/

A
) and m

B
"C

B
cos(h!/

B
), C

A
and C

B
being relative proportionality constants.

They are combined with the proposed quadrupolar
field gradient, according to Eq. (12). Since it is the
angular-dependent variation of the MBN

ENERGY
that is to be modeled, the quadrupole contribution
is summarized as the product of the cos3(h!/)
contribution from each easy axis and a constant I,
representing the extent of the quadrupolar interac-
tion. The empirical formulation is written as

MBN
ENERGY

"a
A

cos2(h!/
A
)#a

B
cos2(/

B
!h)

#I cos3(h!/
A
) cos3(/

B
!h)#b,

(20)

where a
A

and a
B

are the relative anisotropies along
each of the separate easy axis directions, /

A
and /

B
,

respectively.
The angular-dependent variation of the

MBN
ENERGY

on the inner and outer surfaces of the
spiral weld pipe is shown in Fig. 6. The assumption
of a single easy axis, a best fit of Eq. (1) is indicated
by the dashed lines. The dual easy axis situation

Fig. 6. MBN
ENERGY

energy signal as a function of angle on the
inside and outside surfaces of the spiral weld pipe section. Solid
curves are a best fit to the equation for the angular dependent
MBN

ENERGY
signal obtained for a dual magnetic easy axis sys-

tem, Eq. (20). Dashed curves are best fit of the data to Eq. (1).



Table 2
Parameters obtained from a best fit of Eq. (20) to the inner (In) and outer (Out) surfaces of the spiral weld pipe (Spiral)

Sample a
A

(m V2 s) /
A

a
B

(m V2 s) /
B

b (m V2 s) I (m V2 s)

Spiral-In 30.5 !49° 12.7 1° 4.6 !70.4
Spiral-Out 19.0 72° 6.7 27° 26.0 !16.7

with quadrupole interactions, a best fit of Eq. (20),
is indicated by the solid line through the data. The
best fit parameters for Eq. (1) are summarized in
Table 1, while the best fit parameters from Eq. (20)
are summarized in Table 2. Note, that for the as-
sumption of no interactions, where I is fixed to
zero, a best fit of the dual easy axis parameters
reproduces a single easy axis curve since two inde-
pendent cos2 h

i
terms (i"1, 2) can be written as

a single cos2 h
3

term plus a constant.
A description of the data that invokes a second

easy axis with quadrupole interactions between the
two separate easy axis components appears to pro-
vide a better description of the data, as shown in
Fig. 6. As indicated in Table 2 the difference be-
tween the two easy axes on the inner surface is 50°,
while on the outer surface it is 45°. This difference
of D/

A
!/

B
D+45° may reflect the symmetry of the

manufacture of the spiral weld pipe. This is the 45°
angle between the pipe axis direction and the orig-
inal plate steel orientation as seen in Fig. 3. /

B
on

the inner surface is at 1°, which is close to the same
direction as the easy axis orientations on the inner
and outer surfaces of the seam welded pipe. This
suggests an easy axis component that is associated
with the formation of the pipe geometry in both
pipe materials. The plastic deformation associated
with both the bending and post expansion may be
candidates for this. An apparent shift of the easy
axis on the outer spiral weld pipe surface to 72° and
27° may be the result of residual stresses. Stresses
applied to pipeline steel samples have been ob-
served to shift the easy axis as well as modify their
relative anisotropy [9,20].

The sign of the interaction factors listed in Table
2 is in opposition to that of the other terms in the
MBN

ENERGY
expression. This is in agreement with

the form of the contribution to the MBN
ENERGY

from a quadrupolar interaction as expressed by Eq.

(12). The interaction term on the inner pipe surface
is of greater amplitude than on the outer pipe
surface. The magnitude of large moment interac-
tions increases for moments that are more closely
aligned. The maximum amplitude of this interac-
tion may be expected to occur when each moment,
belonging to the separate populations are also at
a maximum. This will occur when the magnetic
field is aligned between the two moments as depic-
ted in Fig. 2. The maximum MBN

ENERGY
signal, as

seen in Fig. 6, is consistent with this interpretation
since it occurs at !23°, which is between the easy
axis of 1° and !49°.

The smaller interaction term on the outer surface
is consistent with the similarity between best fit
parameters obtained from the single easy axis fit
and those obtained from the dual fit as described
by Eq. (20). For example, one of the easy axes,
that oriented at 72°, appears to have been pro-
duced by both fits. The source of the smaller
interaction term on the outer surface may be at-
tributed to the larger population of isotropically
aligned moments, as indicated by the background
parameter, b. A larger number of isotropically
aligned moments may be expected to decrease
the probability that any two moments, each
contributing to a separate easy axis within the
dual system, will be within the same interaction
region.

Table 2 also indicates the maximum MBN
ENERGY

ratio. This occurs at an angle where the ratio of the
MBN

ENERGY
at a particular angle to that at 90° is

a maximum. In the case of the inner surface this
occurs at angle of !32°, while on the outer surface
it arises at an angle of 72°. The maximum
MBN

ENERGY
ratios on the inner surface is smaller

than that obtained for the single easy axis case,
while the outer surface MBN

ENERGY
ratio has re-

mained unchanged.



The number of Barkhausen events measured in
the spiral weld pipe ranged between 6305 and 7763
on the inside surface compared to the outside sur-
face where they ranged between 7162 and 7877. The
smaller number of events on the inside surface may
be interpreted as due to larger interaction regions
on this surface which are also indicated by
broadened pulse-height distributions [20]. This is
also consistent with the larger interaction term
observed on this surface.

A comparison of the seam welded pipe and spiral
welded pipe indicates similarities. These include: (i)
a larger anisotropy on the inner surface than on the
outer surface of each sample along each of their
respective easy axis directions and (ii) the angular
averaged MBN

ENERGY
on each pair of surfaces is

the same. The differences in anisotropy between the
two surfaces on the pipe sections are attributed to
disparities in the populations of oriented dipoles.
The outer pipe surfaces have a much more isotropi-
cally oriented population of dipoles, whereas a sim-
ilar population of dipoles on the inner surface has
more preferentially oriented components. This may
be brought about by differences in the residual
stresses on these surfaces which tend to align the
dipoles along the primary stress direction. Since
both materials undergo similar bending and post
expansion processes [11], this may explain the
formation of the larger anisotropy on the inner
surface. The similarity of the angular averaged
MBN

ENERGY
, SENERGYT, in the spiral weld pipe,

as in the seam welded pipe, may be the result of
similarities in the zero stress domain structure on
the two surfaces combined with a balance of resid-
ual stresses. The origin of a comparable zero stress
domain structure may be associated with similarit-
ies in grain size between the two surfaces of the
pipe. Examination of the grain structure on the
surfaces of the spiral weld pipe has indicated that
no visible difference in grain structure exists [28].

5. Conclusions

Measurements of angular-dependent magnetic
Barkhausen noise (MBN) on a plate steel sample
and on the inside and outside surfaces of sections of
2% Mn steel seam and spiral-welded pipe were

presented. Anisotropy, as measured by the angu-
lar-dependent MBN

ENERGY
signal, was modeled as

a result of a population of aligned dipole moments
that define one or more easy axes within the mag-
netic system. In the case of the spiral-welded pipe
sample the presence of a dual magnetic easy axis
was suggested along with the presence of an addi-
tional quadrupole interaction term in the expres-
sion for the angular dependence of the MBN

ENERGY
signal. This expression was given as energy"
a
1

cos2(h!/
1
)#a

2
cos2(h!/

2
)#I cos3(h!/

1
)

cos3(h!/
2
)#b, where h is the direction of the

applied exciting field, a
1
, a

2
refer to the oriented

180° domain wall contribution to the MBN
ENERGY

signal that is aligned along the easy axis directions
/
1

and /
2
, respectively. I is the term describing the

energy of the interaction of the quadrupole mo-
ments, that arise from moments contributing to
each of the major easy axes, and field gradients
within the sample and b is the isotropic back-
ground contribution to the MBN

ENERGY
signal. Re-

sults were contrasted with the single easy axis
systems in sections of rolled plate and seam welded
line pipe steel. The existence of a dual easy axis
system, with properties that vary between the inner
and outer surfaces of the pipe, was attributed to the
asymmetric manufacturing steps that go into the
production of spiral weld pipe.
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