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Magnetic Flux Leakage (MFL) testing is widely used to
detect defects in pipelines, rail track and other structures.
The measurement of the two field components perpendicular
to the test surface and parallel to the applied field in MFL
systems is well established. This work explores the advantages
of extending this technique to include the y-axis, orthogonal
to the material surface and the applied field, by employing
a high-sensitivity three-axis magnetic field sensor. Several
MFL tests were undertaken on steel samples, including a
section of rail track. Test results show that data from the yaxis can give additional positional information about defects,
being especially advantageous where the defect is aligned
close to parallel to the applied field. The work concludes
that 3D magnetic field sensing could be used to improve the
defect characterisation capabilities of existing MFL systems,
especially where defects have irregular geometries.

the residual magnetisation in the samples was used to investigate
the flux leakage around the defects.
The first test used a 6.25 mm-thick steel sample with a 0.33 mmwide, 6 mm-deep, 33 mm-long slot machined into it. The sample
was initially magnetised using a ferrite core wound with a 200
turn coil, applying a 1 A direct current for 30 s at a time in six
positions along the scan area, with the applied field orientated in
the x-direction, as shown in Figure 1.

1. Introduction
Magnetic flux leakage is one of the most widely used electromagnetic
NDT techniques and has been used in pipeline inspection gauges
(PIGs) for gas pipeline inspection since the 1960s(1-5). MFL testing
relies on the fact that when a magnetic field is applied to a piece
of ferromagnetic material, any geometrical discontinuity in the test
material will cause the field to leak out of the material, into the
air. This flux leakage is measured by a magnetic field sensor and
used to estimate the dimensions of the defect. Recent advances in
the field include the development of residual field measurement
techniques(6-8), where the magnetic field remaining in the sample
from magnetisation applied during previous testing or generated
by stresses in the sample is measured, reflecting both geometrical
discontinuities and variations in material properties of the sample
due to applied stresses, etc.
Although the concept of two-axis measurement of the field
components perpendicular to the surface of the material under test
and parallel to the applied field has been investigated, the third
axis is rarely used because of the low field level and difficulty
in signal interpretation and characterisation(9). In this work, the
residual magnetisation technique has been used along with a low
field range, high-resolution magneto-resistive sensor designed for
compassing applications to investigate the possible advantages of
using three-axis field measurement to provide extra information for
defect characterisation.

2. Test specimens and experimental
procedures
Two test specimens were used in the investigation: a piece of steel
with a machined slot and a section of rail track with a naturally
occurring crack. Both samples were magnetised prior to the test and
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Figure 1. Initial magnetisation of the steel sample (a) and defect
positioning (b)

The second test used a section of rail track with a naturally
occurring, irregularly shaped, surface-breaking crack, close to the
corner of the railhead. Initial magnetisation of this sample was
undertaken using two permanent magnets applied to the sample
overnight (Figure 2).
The magnetic field sensor used in the experiments was a
HMC1023 three-axis anisotropic magneto-resistive (AMR) sensor,
designed for compassing applications, with a field range of ±6 G
and minimum detectable field of 85 µG. The low field range and
high resolution of the HMC1023 make it ideally suited to the
measurement of residual fields.
The sensor incorporates three separate AMR Wheatstone
Bridge sensor elements, one for each axis of sensitivity. These
sensor elements are maximally sensitive to magnetic fields aligned
parallel to their axes of sensitivity, with the output for an applied
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Figure 2. Initial magnetisation of the rail sample (a) and a
photograph of the crack (b)

field being proportional to the cosine of the angle between the field
line and the axis of sensitivity as shown in Figure 3.
The sensor was interfaced to a four input data acquisition card
via high gain signal processing electronics, to allow simultaneous
data acquisition from all three sensor axes. Data acquisition was
performed in LabVIEW and Matlab was used for data processing
and plotting. Readings were taken with the sensor positioned at
1 mm intervals in a grid around the defects.

Figure 4. Mesh and contour plots of the sensor x-axis (a),
y-axis (b) and z-axis (c) magnetic field strength from the sample
with the machined slot, with the slot position superimposed on
the contour plot

expected in a traditional MFL system(9), with the x-axis field
component showing a peak at the centre of the slot and the z-axis
field component showing a switch in polarity either side of the
slot.
The plot of the y-axis field component (Figure 4(b)) exhibits
peaks and troughs either side of the ends of the slot, with the
flux leakage at a minimum along the centre of the slot. The sharp
increase in flux leakage along the sides of the slot provides a good
indication of the position of the slot in the x-direction especially
close to the ends.
The source of the variation in the y-axis component of the
signal is the diversion of the magnetic field around the ends of
the slot, illustrated in Figure 5. Comparison between Figure 4(b)
and Figure 5 shows that the peak in the sensor output on the upper
right hand side of the slot corresponds to the area where the field

Figure 3. Relationship between measured field strength and the
axis of sensitivity

3. Results and discussion
The results of both tests are displayed as a three-dimensional plot of
the field strength in Gauss in a 1 mm-spaced grid over the sample
area along with the corresponding contour map of the field strength
with the slot position superimposed.
3.1 Machined slot in a piece of steel
Figures 4(a) and 4(c) show the x-axis and z-axis sensor outputs.
These plots follow the well-established pattern that would be
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Figure 5. Illustration of the source of the y-axis signal
component
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crack, causing the magnetic field to leak into the air, with very little
displacement in the y-direction. However, in the diagonal section
of the crack the field lines flow around the defect causing minimal
leakage in the x-direction and the z-direction but a substantial
displacement of the field in the y-direction.

4. Conclusions

Figure 6. Field lines around the rail track defect

lines are orientated at an angle of less than 90° with respect to the
y-axis sensor direction of sensitivity giving a positive sensor output.
Conversely, the trough at the upper left hand side corresponds to
the area where the field lines are orientated at an angle greater than
90° with respect to the direction of sensitivity, giving a negative
sensor output.
3.2 Naturally occurring crack in a section of rail track
Figure 7 shows the output of the three sensor axes for the tests on
the section of rail track. It can be seen from the plots that both the
x-axis and z-axis field components give a good indication of the
position of the near vertical section of the crack, but relatively poor
positional information about the diagonally aligned section of the
crack. This is due to the diversion of the magnetic field around the
crack in this area. However, there is a trough in the y-axis plot that
directly corresponds to the diagonal section.
This can be explained by reference to Figure 6. On the near
vertical section of the defect, the field lines directly cut across the

Figure 7. Mesh and contour plots of the sensor x-axis (a),
y-axis (b) and z-axis (c) magnetic field strength from the rail
track sample, with the crack position superimposed on the
contour plot
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The first test shows that with a clearly defined, machined slot, the
y-axis sensor gives a predictable output containing signal features
that clearly correspond to the defect position. Although the second
set of test results are not as clear as the first, they still exhibit a
good correlation between defect position and sensor output. The
sensor y-axis field component is particularly useful in detecting
the diagonally orientated section of the crack, where the x-axis
and z-axis field components give very little indication of the crack
position.
These initial tests indicate that the use of a three-axis system
would be advantageous in certain situations to give extra positional
information, especially where irregularly shaped defects or defects
orientated close to parallel to the applied field are expected.
Further work is needed to investigate feature extraction
techniques for the three-axis signals. Also, data fusion for the
signals is a particularly important task for defect and material
characterisation. It is unclear at the moment to what extent the
results are influenced by variations in material properties due to
stresses, etc. So, the contribution of variations in material properties
to the results will be investigated and techniques developed to
decouple them from signal components influenced by geometrical
discontinuities alone.
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