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Abstract. The evaluation of both applied and residual stresses in engineering structures
to provide early indications of stress status and eventual failure is a fast growing area in
non-destructive testing. Much work has been done in recent years in the development of
magnetic stress measurement techniques for ferromagnetic materials using applied
magnetic fields to monitor changes in the magnetic properties of materials, such as
variations in the hysteresis curve or Barkhausen emission. But the area of passive field
measurement is relatively unexplored. When magnetic metals are strained, they
irreversibly transformed from a non-magnetic state to a magnetic state, this is referred to
as metal magnetic memory (MMM) or the residual magnetic field. This paper
investigates the phenomena under different circumstances and applies the residual
magnetic field technique to stress measurement. A three axis magneto-resistive magnetic
field sensor is used to measure the residual magnetic fields (RMF) parallel to the applied
stress and the material surface (Bx) and perpendicular to the material surface (Bz),
generated by the magneto-mechanical effect without the application of an external field,
using steel samples exposed to stresses. The test results show that without using an
applied field, the stresses in a sample can be measured using magnetic field sensing,
with Bx showing particularly good correlation. The work concludes that the novel
passive field technique including analysis of the magnetic field pattern and magnetic
field variation rate, would prove advantageous in certain circumstances, for example inservice inspection of structures with complex geometries. Further research directions are
also highlighted.

Introduction
The evaluation of both applied and residual stresses in engineering structures to provide early
indications of eventual failure is a fast growing area in non-destructive testing. The main stress
detection methods used at the moment are:
• X-ray diffraction techniques [1]. Based on the measurement of the lattice spacing as a
strain gauge, x-ray diffraction techniques allow the user to differentiate between macro
and micro-stress, but are only effective for measuring surface stresses and require
surface preparation;
• Ultrasonic techniques [2]. Based on variations in the velocity of ultrasonic waves in the
material, ultrasonic testing has a greater penetration depth than diffraction techniques,
but usually requires surface preparation and the use of a coupling medium. Rough,
irregularly shaped, very small, exceptionally thin or inhomogeneous materials are
difficult to inspect;
• Eddy current techniques [3]. Based on the measurement of changes in the impedance of
an electromagnetic coil as it is scanned over a surface of conductive material. Eddy
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current techniques suffer from limited penetration depth, especially in ferromagnetic
materials;
• Active magnetic techniques [4,5]. A magnetic field is applied to the material and
variations in field parameters such as permeability, hysteresis and magnetic Barkhausen
emission are used to draw inferences about the material stresses. Active magnetic
techniques usually use high strength, low frequency fields to drive the material into
saturation so offer fairly good penetration;
• Passive magnetic techniques. The magnetic field strength at the surface of the material
is measured without prior application of a magnetic field. Passive magnetic techniques
such as metal magnetic memory (MMM) make use of variations in the self magnetic
leakage field (SMFL) of a ferromagnetic material due to geometrical discontinuities
such as cracks and high density dislocations, formed in the presence of ambient
magnetic fields such as the earth’s field. These variations reflect the stress history of the
material.
This paper investigates stress measurement including applied and residual stresses
using residual magnetic field variation and its distribution pattern and the field distribution
around a weld crack. After the introduction, the paper is organised as follows: Section 2
introduces the background of stress measurement using passive magnetic fields and the
theories linking magnetism with stress; Section 3 investigates the relationship between residual
magnetic field variation and applied stress; Section 4 reports the residual magnetic field
distribution under different residual stress and section 5 looks at the field distribution around a
crack in a welded sample. The paper finishes with the conclusion and an outline of further
work.

1. Background and Theory
Much work has been done in recent years concerning the result of applying stresses to
magnetic materials with an external field applied. As early as 1949, Brown [6] predicted
magnetization-stress curves using a technique that involved replacing the applied stress with
equivalent fields, exerting the same pressure on the domain walls as the equivalent applied
stress. The “real-world” stress-magnetisation curves shown in figure 1 were produced using
experimental methods by Craik and Wood [7] using metal strips wound with a coil for the
application of a constant field and a search coil for field measurement. The apparatus was
encased in a MuMetal box for shielding and tension or compression applied by a lever. The
Craik and Wood results highlight the asymmetric nature of the curves, with the change in
magnetization for tension being much greater than that for compression.

Figure 1: Experimental stress magnetization curves for a mild steel specimen using three different levels of
applied magnetism, produced by Craik and Wood
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(a)
(b)
Figure 2: Effect of cyclic loading on the residual magnetisation of a ferromagnetic sample (a) and flux leakage in
the presence of a geometric discontinuity (b)

Recent advances in the field include the development of the metal magnetic memory technique
in Russia and China [8-11]. The technique relies on the self magnetisation of ferromagnetic
engineering structures by ambient fields such as the earth’s field. This self magnetisation is
often seen as a negative effect in ferromagnetic structures and much work is done to counteract
it, especially in industries such as shipbuilding and power engineering. The passive stress
measurement technique takes advantage of this phenomenon to obtain information about the
stress history of the sample by studying the magnetism that has built up in the sample over
time, under the influence of the earth’s magnetic field. The technique has the potential to
identify several different areas of concern, including:
• Cyclic loading of the material; as the stress induced magnetisation of a structure consists of
both reversible and irreversible components, each stress cycle changes the level of
magnetisation, leading to an increase in magnetism in areas experiencing cyclic loading
(figure 2a).
• Geometric discontinuities; defects in the material will cause the magnetic fields to leak out
of the material into the air (figure 2b). This flux leakage can then be detected by magnetic
field sensors.
• Stress concentration zones (SCZ); areas of maximum magnetic resistance reflecting
residual stress concentrations in the material, formed during the fabrication of
ferromagnetic products due to heat treatment or mechanical treatment, i.e. a welded joint
on a steel product. As the joint cools in the presence of the earth’s magnetic field, magnetic
texture is formed in the material. Stress concentration zones occur in the areas of maximum
lattice distortion, i.e. dislocation clusters, reflecting areas of weakness and in safety critical
structures, areas of potential catastrophic failure. It is though that the field distribution
around a SCZ will have the form of figure 3 [9], with Bx exhibiting a peak in field strength
centring on the SCZ and Bz exhibiting a switch in polarity centring on the SCZ.

(a)
(b)
Figure 3 – Theoretical field distribution for Bx (a) and Bz (b) around a stress concentration zone
This ability to detect a wide range of areas of potential failure is an obvious advantage
over other techniques. Another advantage is that no magnetisation devices need to be used in
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the system due to the presence of the earth’s magnetic field. Stress measurement systems such
as the magnetic Barkhausen technique rely on driving the material into saturation cyclically to
produce results; this requires high power electromagnets which are both costly and bulky,
limiting the portability and application areas of such systems. The technique has great potential
for performing overall inspections of structures in order to inspect areas of concern using more
traditional methods.
The link between the magnetic properties of a sample and applied stress is illustrated by
the phenomena of magnetostriction; the changing of a material's physical dimensions in
response to applied magnetisation. The reverse effect is the magnetomechanical effect [12-14],
where stress applied to a material changes the magnetism and magnetic properties of the
sample. An equation describing the change in magnetism (M) with applied stress (σ) was
developed by Jiles [12]:

dM an
dM
1
= 2 σ (1 − c)( M an − M irr ) +
dσ ε
dσ

(1)

Where c and ε are constants. Equation (1) describes the dependence on the material
magnetisation on not only stress, but also the anhysteretic magnetisation - M an (the ideal or
lossless magnetization curve of a material) and M irr the irreversible component of
magnetisation.
Another important equation in stress/magnetic coupling is the stress energy ( Eσ ) induced by
external stress ( σ ), which is given by:
3
Eσ = − λS σ cos 2 θ
2

(2)

The equation highlights the dependence of Eσ on θ , the angle between applied stress and the
magnetising field and λS , the saturation magnetostriction, determined by the maximum
elongation due to magnetostriction experienced by the material when exposed to an external
magnetic field.

2. Investigation into the Residual Magnetic Field under Applied Tensile Stress

To investigate the relationship between the passive magnetic field and differing levels of
applied stress, the experiment shown in figure 4 was set up using three flat drawn steel samples
measuring 2mm x 30mm x 200mm. All samples were cut from a single piece of steel. The
magnetic field in the samples was reduced to the lowest possible level prior to each test using a
hand-held tape demagnetiser. A HMC1023 anisotropic magneto-resistive sensor was attached
to the samples to measure the field strength perpendicular to the material surface (Bz) and
parallel to the material surface and the applied force (Bx).
A Hounsfield material test machine was used to apply tensile stress from 0 to 200MPa
to the samples while the magnetic field, as measured by the sensor, was continually recorded.
The test was repeated with the sensor in two positions in between the jaws of the test machine.
Previous testing showed that the maximum stress applied to the material was well within the
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elastic limit for the material. The maximum extension was also noted and converted to strain
for the plots.

(a)
(b)
Figure 4: Test set-up (a) and sample dimensions with field coordinate axes (b)

(a)
(b)
Figure 5: Bx (a) and Bz (b) for 200MPa of maximum tensile stress for three flat drawn steel samples

It can be seen from figure 5 that the test results from the two sensor positions give different
absolute magnetic field intensities at specific applied stresses, but their rates of change are
reasonably stable, particularly Bx which has by far the best correlation with applied stress. The
superiority of Bx for active stress measurement can be explained by consideration of the field
developing along the entire length of the sample during the test.
It can also be seen from figure 5 that initially there is very little increase, or even a
small decrease in Bx for the increasing stress applied to the material. This can be explained by
the theory of the magnetomechanical effect developed by Jiles [12]. According to this theory
“under a changing applied stress at a constant magnetic field, the magnetization changes so
that it approaches the anhysteretic magnetization”. So, the theory predicts that when the
sample is exposed to stress, the magnetism will not simply increase with the increase in stress,
but will head towards the anhysteretic magnetisation curve (the ideal or lossless magnetization
curve of a material). So if the magnetisation in the sample is actually greater than the
magnetisation predicted by the anhysteretic magnetisation curve, the magnetisation will reduce
with applied stress. As the available demagnetisation process for the tests is imperfect, the
samples all start with a certain degree of residual magnetisation, so the plots take a certain
amount of time to converge.
Figure 6 shows the magnetic field distribution in the stressed area of a flat drawn steel
sample with the same dimensions as figure 4b, before the application, and after the release of
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200MPa of tensile stress. Figure 6 shows that Bx should exhibit a similar increase no matter
where in the stressed area it is measured, whereas Bz could show an increase, decrease or no
change, depending on where in the stressed area it is measured. Figure 5 confirms this, with
Bx showing a fairly uniform increase in field strength in both sensor positions and Bz showing
a poor correlation with applied stress, especially in sensor position 2, near the centre of the
stressed area. It is thought that the field distribution around the stressed area will follow the
field pattern predicted around a SCZ as shown in figure 3, with a peak in Bx over the stressed
area and a switch in the polarity of Bz centring on the stressed area.

(a)
(b)
Figure 6 – Bx (a) and Bz (b) in the stressed area of a flat drawn steel sample before and after the application of
200 MPa of tensile stress

3. Residual Field Distribution After Machining Stress

The test shown in figure 7 was set up to examine the effect on the field in the sample of the
introduction of machining stress. Stress was introduced by the momentary application of a
clamp to the sample, causing some compressive stress and some surface damage. Bx and Bz
were measured in a 5mm grid over the surface of the drawn steel sample before and after the
application of stress.

(a)

(b)
Figure 7: Sample dimensions (a) and test set-up (b)

Figure 8 shows the residual field distribution along the length of the sample before and
after the application of stress using the clamp and the change in magnetic field (ΔBx and ΔBz)
over the surface of the sample. It can be seen from figures 8a and 8b that both Bx and Bz show
a greater deviation from the initial field in the stressed area, with Bx exhibiting an increase
along most of the clamped area and Bz showing an increase in the field gradient in the stressed
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area, with the unstressed area remaining relatively unchanged. The position of the maximum
variation in Bx has a strong correlation with the location of the clamp marks. Inspection of the
sample after testing showed that pitting from contact with the clamp is most apparent in the
area between 10mm and 30mm, corresponding to the greatest change in field strength. The
peak in field strength for Bx and the switch in polarity for Bz shown in figure 8c and 8d are of
the form that would be expected around a SCZ and are characteristics that could be used to
identify stressed areas using feature extraction techniques.

(a)

(b)

(c)
(d)
Figure 8: Bx (a) and Bz (b) components of the magnetic field along the length of the sample before and after the
application of stress and the change in the magnetic field, ΔBx (c) and ΔBz (d), over the surface of the sample for
the application of stress

4. Residual Field Distribution Around a Crack in a Welded Steel Sample

An experiment was set up to ascertain the field distribution in the immediate area of a crack in
a welded sample. The sample shown in figure 9 consists of two steel plates measuring 300mm
x 180mm x 12mm welded together down the longest sides. The sample was ground down on
the opposite side to the weld to provide a flat surface for inspection. There were several large
cracks in the welded area; one of these with a width of around 0.5mm was chosen for
inspection. The sample was scanned in 1mm increments in a 30mm path cutting across the
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crack using a HMC1023 magnetic field sensor interfaced to a PC, set up to measure the Bx and
Bz components of the magnetic field.

(a)
(b)
Figure 9: Welded test sample dimensions (a) and photograph with size in mm (b)

(a)

(b)
Figure 10: Bx (a) and Bz (b) in the crack area

Figure 10 shows the two field components in the crack area. It can be seen from the plots that
the distribution of Bx has the form of an (inverted) peak in field strength with a maximum at
the centre of the crack. Bz has the form of a switch in field polarity in the area, centring on the
crack, with a minimal field strength at the crack centre (the slight error can be explained by the
positioning of the sensor element within the sensor package). The distribution of the field in the
crack area is of the same form measured around a defect in a magnetic flux leakage (MFL)
system [15] using active magnetisation and is similar to a stress concentration zone using
passive magnetic field measurement.
It can be seen from the plots that the presence of a crack in the scan path of the sensor
will induce a recognisable signal feature in both the Bx and Bz components of the measured
field. This distinctive pattern of magnetisation could be used to identify weld cracking in
ferromagnetic structures. Feature extraction techniques such as wavelet analysis could be
developed to identify these zones and estimate the defect dimensions. It will also be necessary
to develop techniques to differentiate between stress induced fields from stress concentration
zones and geometrically induced fields from developed cracking.

5. Conclusions

Several investigations have been carried out. From the experimental studies, the residual
magnetic field variation and pattern can be used for assessing residual stress, applied stress and
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defects with the help of advanced signal processing. Passive measurement using MMM could
provide a low cost, portable solution for non-destructive evaluation and structural health
monitoring.
It was found that for the measurement of applied stress in a stressed area of a steel
sample, the field component parallel to applied stress (Bx) has a much greater correlation to
the applied stress than the perpendicular component, Bz. This is due to the field distribution in
the stressed area which is related to the field distribution that develops in the sample after the
release of stress, the pattern of which is confirmed experimentally.
Future research directions will include calibration of magnetic field strength for
residual and applied stress for different materials, where residual stress will be compared by
other measurement techniques such as X-ray, neutron diffraction or ultrasonic methods. A new
passive sensor for residual stress measurement and damage characterisation will be developed
in the future. Although magnetisation curves for different materials under applied stress have
been produced, constant applied fields have been used. It is hoped that by using signal
processing techniques to compensate for variations in the ambient field, etc. that calibration of
magnetic field variation for applied stress in real world situations can be achieved.
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