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Mechanical Damage Detection With Magnetic
Flux Leakage Tools: Modeling the Effect of
Localized Residual Stresses

Vijay Babbar, Behrouz Shiari, and Lynann Clapham

Abstract—We used three-dimensional (3-D) magnetic finite-
element analysis (FEA) to simulate the effect of localized residual
stresses on magnetic flux leakage (MFL) signals from a steel
plate in the absence of a geometrical defect. We derived the local
residual stress patterns from finite-element structural modeling
of simulated dents. The magnetic FEA model simulates these
localized residual stresses by assigning appropriate directional
permeability values to the magnetically anisotropic materials.
Considering the necessary simplifications required for magnetic
FEA modeling, the simulated MFL patterns are in good agreement
with the experimentally observed patterns associated with the
stresses around a dent.

Index Terms—Finite-element analysis, magnetic flux leakage,
nondestructive evaluation, stress.

1. INTRODUCTION

ONDESTRUCTIVE evaluation of in-service oil and gas

pipelines by the magnetic flux leakage (MFL) technique
has been the subject of interest for many years [1], [2]. Both
experimental methods and computational techniques such as
magnetic finite-element analysis (FEA) have been used to study
MEFL signals from corrosion pits [3]-[7]. Because these defects
produce MFL signals mainly due to their geometry, the size and
shape of the pit can be obtained by studying the magnitude and
shape of the MFL output signal [8]. However, these signals are
also affected by the system parameters such as inspection tool
type, tool velocity [9], line pressure stress [10]-[13], and mag-
netic properties of the steel pipe wall.

In addition to corrosion defects, dents or ‘“mechanical
damage” in pipelines are also of serious concern. Dents in-
corporate wall geometry changes as well as localized stress
regions. Both the geometry and stress will combine to form an
MFL signal—the geometry variations by perturbing the flux
path and the residual stresses by changing the local magnetic
anisotropy around the dent.
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In order to be able to identify and characterize dents using
MFL tools, first we must understand the separate contributions
of dent stress and dent geometry to MFL signals. Modeling
of geometry-induced MFL signals is relatively straightfor-
ward, and commercially available finite-element software
is available to do this (e.g., ANSYS, Infolytica MagNet).
However, finite-element modeling of stress-induced MFL
signals is far more difficult. This is because stress causes
variations in the basic magnetic property of a material—the
magnetic permeability. Permeability is a nonlinear function
of the applied field. Most magnetic FEA models can account
for this nonlinearity, however, stress creates local permeability
variations in materials, and also anisotropic permeability. In
order to model stress effects, therefore, a magnetic FEA model
must be able to accommodate locally assigned, anisotropic
permeability functions within a material. The authors have
worked closely with Infolytica FEA software manufacturers
to accommodate these complex requirements. Although the
models are still somewhat crude, this work has produced a
number of successful applications of magnetic FEA modeling
that examine the effects of stress on MFL signals [7].

In the present study, the magnetic FEA is used to model
local dent-induced stress effects on MFL signals. The results
are compared with experimentally obtained MFL results from
a controlled denting study. The geometry effects are effectively
subtracted off in both cases. These geometry effects will be
considered in a subsequent paper.

II. THE MODELS

A. Structural FEA Model

A nonlinear structural FEA model using ANSYS software
was used for simulating three-dimensional (3-D) residual stress
profiles in a dented plate. Fig. 1 shows the model geometry.
A round-bottomed punch was used to make a dent of diam-
eter 12 mm and depth 3 mm in a mild steel plate of dimen-
sions 40 mm x 40 mm x 3 mm. Below the plate was a die
containing a hole of diameter 18 mm. Only one-quarter of the
model was necessary due to symmetry considerations. The in-
terfaces between the die and the plate, and between the plate
and the punch were modeled using an automatic surface-to-sur-
face contact algorithm, which uses the material properties of
both contacting surfaces to calculate the stiffness of the con-
tact elements. An elastic Coulomb friction law is assumed and
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Fig. 1. Geometry of the FEA structural model.

a friction coefficient of 0.15 is assigned to the contacting sur-
faces. The structural element used to mesh the plate is defined
by ten nodes, each having three degrees of freedom at each
node (translations in the nodal x, y, and z directions). The el-
ements also have plasticity, creep, swelling, stress stiffening,
large deflection, and large strain capabilities. The model is com-
posed of 802 contact elements and 3851 solid structural ele-
ments. The stress-strain behavior of the material is described
by a bilinear total stress/total strain curve starting at the origin
and with positive stress and strain values. A piecewise linear
elastic—prefect plastic material model is assumed for the plate
with the following parameters: Young’s modulus = 207 GPa,
yield strength = 160 MPa, tangent modulus = 0.112 GPa,
Poisson’s ratio = 0.290, and density = 7900 kg - m—3.

The finite-element stress simulation involved two steps.
The first step analyzed the plate behavior during the forming
process. The second step involved unloading and determined the
amount of residual stress and shape distortion after springback.
The static-implicit method, which is based on a Lagrangian
description of motion and an elastic-plastic constitutive law,
was used for solving the problem, and the Newton—Raphson
method was used for solving the equations.

1) Structural FEA Model Results: As an example of the
results generated by the modeling, Fig. 2(a)—(c) shows the
normal residual stresses in the = and ¥ directions and the shear
stresses, respectively. Significant stresses are present in the
dent rim region as well as at the dent base. Only the dent rim
stresses, which mainly occur within a ring of radius between
7 = 12 and 18 mm, were considered in the present magnetic
FEA. Fig. 3 is a schematic illustration of the FEA results in the
dent rim, showing that the dent rim stresses are radial; tensile
at the top and compressive at the bottom surface. The stresses
in the z direction are not considered, since the model indicated
that they were an order of magnitude less than those in the x
and y directions.

B. Magnetic Finite-Element Analysis Model

Since the aim was to study only stress and not geometry ef-
fects, the model consisted of a flat steel plate (66 mm x 54 mm x
1.6 mm). There was no defect in the plate; however, the mag-
netic anisotropy was varied in the “dent rim,” i.e., the region
7 = 12-18 mm from the “dent center,” according to the re-
sults obtained in the structural FEA model. Infolytica MagNet6
software was used for drawing as well as solving the model. A
Nd—Fe-B magnet with coercivity of 1.6 x 10° A-m~! was used
to magnetize the steel plate in the = direction. This magnetiza-
tion level produced a flux density of about 1.8 T in the plate;
this corresponds to a high magnetization level during an actual
MFL inspection. The fourfold symmetry of the problem facili-
tated the use of a quarter model, which is shown schematically
in Fig. 4 (3-D view) and also in Fig. 5 (side and plan views).
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Fig. 2. Residual stresses in a 20 mm X 20 mm X 3 mm quarter section of the
structural model. (a) Normal stresses in the x direction. (b) Normal stresses in
the y direction. (c¢) Shear stresses.

The “MFL signal” corresponded to the radial component of the
magnetic field at a distance of 0.5 mm above the plate.

In a real material, stress is, of course, a continuous function of
position as indicated in Fig. 2; thus, permeability will also vary
continuously. However, continuous permeability variations with
position are not possible given the current state of FEA develop-
ment. Thus, in the present model, local permeability variations
are accommodated discretely in “blocks” of material, each of
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Fig. 3. Schematic illustration of the nature of stresses modeled in one half
of the plate. Tensile stresses are developed in the upper half section and
compressive stresses in the lower half section of the plate.

Symmetry Planes

Left! /Segments N
\ Central ._,_
2 Right —
y " .
X |1
2 Plate Magnet]
P

Fig. 4. Schematic 3-D view of the quarter magnetic FEA model.
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Fig. 5. Schematic plan view (upper) and side view (lower) of the magnetic
FEA model (not drawn to scale).

which is assigned a specific anisotropy function. As shown in
Figs. 4 and 5, the rim is divided into 12 regions: blocks 1—4 in
each of the left, central, and right sections. Each of these regions

can be assigned different magnetic permeability functions along
each of the orthogonal «, y, and z directions in order to account
for the local residual stress. The way in which stress effects are
accounted for in the magnetic FEA model is discussed below.

1) Accounting for Stress Using Magnetic Anisotropy Varia-
tions: Since steel, in general, has a positive magnetostriction
coefficient, 180° domains will tend to align their magnetic easy
axis closest to, and ultimately rotate it toward, the direction
of the applied tensile stress. This increases the magnetic per-
meability in the tensile stress direction. Conversely, an applied
compression will increase the magnetic permeability in a direc-
tion transverse to the stress axis.

The Infolytica MagNet6 software allows for 3-D nonlinear
anisotropic FEA calculations with customer-supplied magneti-
zation functions. Since high axial fields are used, it is assumed
that magnetization must always be in the field direction, and that
it can be described as an arc tangent of the field, with the B—H
curve approximated as

B =g {2]\/[5 tan™! <£) + H] (1)
™ Hk

where 11 is the permeability of free space, Hy, is a directionally
dependent anisotropy parameter, M is the saturation magneti-
zation equal to 1700 kA -m~* (for this steel), and H is assigned
to be 27500 A-m~!. This equation is used to calculate the com-
ponents of B by assigning values of H}, in each of the three or-

thogonal different directions.
Using (1), the maximum permeability x,,, can be shown to be

2M,

mH k
Thus, smaller values of Hj, imply higher permeability.

Since tensile stress increases and compressive stress de-
creases the permeability in the stress direction, we vary the Hy,
in a specific (z, y, or 2) direction to simulate applied stress. For
example, one can simulate a tensile stress in the y direction by
decreasing Hj, in that direction and/or by increasing H}, along
the other two orthogonal directions. In general, the anisotropy
parameter in any given direction is expressed as

Hy, = Hypo + Hiyol + Hy.ol ©)

where Hy,;, Hy,y, and Hy,. are the three orthogonal anisotropy
parameters, and v, vy, and ¢, are the cosines of the field vector
in that direction.

In the present study, for the isotropic (no stress) case, a value
of Hy(zy=) = 9000 A - m~! was assigned to all three directions
in all parts of the model (the main plate, the 12 dent rim regions,
and the dent center). The solution of the model indicated that
this Hj, value corresponds to a relative permeability of 50.4 and
a flux density of 1.74 T inside the plate for an applied axial field
of about 27500 A - m—!. Outside the plate at z = 0.5 mm, the
radial flux density was calculated to be g H = 0.038 T.

As mentioned above, tensile and compressive stresses were
incorporated by assigning Hp(;,.) values that were lower or
higher, respectively, than 9000 A-m~!. Table I shows the values
of B and p,.(= p/pg) obtained by using (1) for the range of
Hy.(2y-) values used in the present study.
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TABLE 1
FLUX DENSITY INSIDE THE STEEL PLATE AND RELATIVE PERMEABILITY OF
THE PLATE VERSUS H;, AS GIVEN BY (1) WITH H = 27500 A- m~!
AND M, = 1.7 x 10° A-m—!

Ho(Am™) B(T) p(=wp)
2,000 2.07 60.0
5,500 1.90 55.0
9,000 1.74 50.4
12,500 1.59 46.0
16,000 1.45 42.1

The values of Hy,,, Hy,,, and H}. for any region of the mag-
netic model are decided on the basis of the FEA residual strain
results presented in Section II-A. The MFL results for various
stress combinations are considered below.

2) MFL Results Due to High Tensile Stresses in Top Left and
Right Dent Rim Segments: FEA structural modeling identified
high tensile z-direction strain in the top right, and high ten-
sile y-direction strain in the top left segments of the dent rim
(Figs. 2 and 3). The top two blocks of the right rim segment were
assigned anisotropy parameters Hy,, Hy,, and Hy. of 2000,
9000, and 9000 A - m~1, respectively, thus increasing the per-
meability in the x direction. Similarly, the top two blocks of the
left ring segment were assigned Hy,, Hy,, and Hy,. values of
9000, 2000, and 9000 A-m 1, giving it an increased y-direction
permeability.

Fig. 6 shows the axial profile, contour map, and surface
plot of B, at z equal to 0.5 mm for the conditions described
above. These results are ‘“background-subtracted,” i.e., the
corresponding isotropic results have been subtracted off in
order to examine only the strain contribution to the signal.
As seen in Fig. 6, the tensile stress in these regions creates
a significant radial MFL peak between the left and central
sections. Interestingly, the same result is obtained even when
the top right regions are assigned isotropic values, indicating
that an increased permeability must facilitate a direction change
of the field in the plate in order to alter the MFL signal.

3) MFL Results Due to High Compressive Stresses in
Bottom Left and Right Dent Rim Segments: The FEA struc-
tural modeling revealed high compressive x-direction strain
in the bottom right, and also high compressive y-direction
strain in the bottom left segments of the dent rim (Figs. 2
and 3). As with the tensile strain regions discussed in the
previous section, stress effects from these compressive regions
were independently modeled using MagNet to examine their
influence on the MFL signals. The compressive strain was
modeled by assigning Hy, = 16000 A - m~! to the bottom
two blocks of the left region, and Hy,; = 16000 A - m~! to the
bottom two blocks of the right region. The results, subtracted
from the isotropic case, are shown in Fig. 7 and indicate a small
but broad minimum that is centered at nearly the same location
as the maximum for the case of tensile stresses. While the
opposite polarity results from compressive rather than tensile
stresses, the low value reflects the larger distance traversed by
the leakage signals through the plate before their detection.

4) MFL Results Due to Combined Tensile and Compressive
Stresses in the Left and Right Dent Rim Segments: Inthismodel,
the anisotropies described in Sections II-B2 and II-B3 are
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Fig. 6. Axial profile (upper), contour map (middle), and surface plot (lower)
at 0.5 mm above the top surface of the sample. Tensile stresses were simulated
in the top two blocks of the left as well as right rim segments.

combined, with tensile stress anisotropies at the top and
compressive stress anisotropies at the bottom of the left and
right dent rim regions. The values of Hj, and Hyp, are
the same as those used before. The results are shown in
Fig. 8. As expected, the tensile effects at the top (modeled
independently in Fig. 6) dominate the pattern, creating a
large MFL peak at the central/left boundary position. The
main effect of the compressive regions is to slightly reduce
the peak amplitude.

5) MFL Results Due to Shear Stresses in the Central Dent
Rim Segments: Fig. 2(c) indicates that shear stresses are present
in the central region of the dent rim. Unfortunately, simulation of
shear stress effects was not possible, since H}, values could only
be assigned to either x,y, or z direction. However, the effect
of stress anisotropy in the central rim region was examined by
studying two “extreme” cases, first by assigning it & anisotropy
and second by assigning it y anisotropy. In both cases, the left
and right rim regions were assigned the anisotropies as dis-
cussed in Section II-B4.

The first case of = anisotropy in the central dent rim segments
yields the same results as shown in Fig. 8, when the central re-
gion was isotropic. Assigning a y anisotropy has a more signif-
icant effect—causing the peak in Fig. 8 to rotate by about 25°
clockwise, to a position roughly in the middle of the central re-
gion. The magnitude of the peak changed little.
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Fig. 7. Axial profile (upper), contour map (middle), and surface plot (lower)
at 0.5 mm above the top surface of the sample. Compressive stresses were
simulated in the bottom two blocks of the left as well as right rim segments.

Therefore, although it could not be directly modeled,
assigning a shear stress anisotropy (rather than an x or y
anisotropy) to the central region was expected to produce a
slight (approximately 10°-15°) clockwise shift in the peak
position shown in Fig. 8.

III. EXPERIMENTAL DETAILS AND RESULTS

Experimental MFL testing was carried out for comparison
with the FEA modeling results. Samples of mild steel of ap-
proximate dimensions 200 mm x 150 mm x 1.6 mm were first
sanded and then heated at 500 °C for 1 h to remove any residual
stresses that might be present before denting. An experimental
tool and die of similar dimensions to the FEA stress model (see
Section II-A and Fig. 1) was used to produce dents, which were
made by using a hydraulic press at a ram speed of 6 mm/s
in constant displacement mode with an applied force of about
16-17 kN.

MFL measurements were made after denting at the top sur-
face of the plate. The MFL experimental arrangement was sim-
ilar to that described in a previous work [15] except that the
sample in the present work was a flat plate instead of a pipe.
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Fig. 8. Axial profile (upper), contour map (middle), and surface plot (lower)
at 0.5 mm above the top surface of the sample. Tensile stresses were simulated
in the upper half and compressive stresses in the lower half of the left as well as
right rim segments.

Magnetic flux was introduced into the plate by a Nd-Fe—B per-
manent-magnet circuit. The MFL signal was detected by using
a Hall probe, which was scanned over a 40 mm x 40 mm area
around the dent on top of the dented surface. Finally, a 3-D plot-
ting package (Surfer 7.0) from Golden Software was used for
obtaining surface and contour maps.

The contribution of the stress to the experimental MFL dent
signal was obtained in the following manner: MFL measure-
ments were made after the dent was created. It was followed by
the heating of the dented plate at 500 °C for 1 h. Earlier work
showed that this removes residual stresses and all magnetic ef-
fects associated with them [16]. The MFL measurements were
then repeated for the dent. Finally the “after-heating” MFL scan
data was subtracted from the “before-heating” scan data. This
produced the MFL pattern associated with the dent stresses only,
as shown in Fig. 9(a).

The magnetic FEA (stress-only) result is shown Fig. 9(b).
This same data was shown in Fig. 8, but is reproduced here for
direct comparison with the experimental data. A comparison of
the experimental [Fig. 9(a)] and FEA-modeled [Fig. 9(b)] re-
sults indicates that they are qualitatively similar—both display
positive MFL peaks in the upper rim region. The experimental
MFL peak appears to lie slightly clockwise compared to the
FEA peak, which is expected since the FEA result does not
include the shear stress anisotropy associated with the central
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Fig.9. Contour plots of B. generated by dent rim residual stresses, for (a) the
experimental MFL result and (b) the magnetic FEA MFL result. Comparison
should be made in the regions surrounded by dotted lines. The dotted arc
indicates the region of dent rim stresses in both cases. The units for the numbers
are 107" T in (a) and T in (b). The signal magnitudes in (a) and (b) are not
directly comparable due to use of oversimplified stress zones and limitations in
defining material properties of the sample and the magnet in the FEA model.

dent region (Section II-B5). If the shear stress effects could be
included, then we expect that the FEA and experimental peak
locations would closely coincide.

IV. SUMMARY AND CONCLUSION

Modeling of stress effect on MFL signals is extremely diffi-
cult, and to our knowledge, it is the first attempt to model MFL
signals arising from dent stresses. Results indicate that the ten-
sile stresses in the dent rim, being closer to the measurement
surface, make a more significant contribution to the signal than
the compressive stresses at the opposite side of the plate. The
effects are expected to be reversed if MFL measurements are
made at the lower side of the plate.

The experimental stress-generated MFL results were in
good qualitative agreement with the FEA-modeled results.
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We do not expect full quantitative agreement because of crude
approximations used in drawing stress zones necessitated by
model limitations, and simplifying assumptions made regarding
the material properties of the sample and the magnet in the FEA
model. Shear stresses could not be incorporated into the model
at this stage, but estimation of their effects appeared to prove
consistent with the experimental data. Finally, it is interesting
to note that the good agreement between experimental and
FEA modeling was obtained without considering the stresses
in the base of the dent as well as along the z direction
in the FEA model. This suggests that, when measuring the
experimental MFL signal at the top surface of the plate, the
dent base stresses have little effect. They are expected to
contribute considerably more to an MFL measurement made
at the bottom surface of the plate, and modeling work is
under way to examine their effects.
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