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Solving the Inverse Problem of Magnetisation - Stress Resolution

S.G.H. Staples’, C.Ivest, C. Vo! |, D. Cowell® , S. Freear® , B. T. H. Varcoe!*
Y University of Leeds, Experimental Quantum Information, Department of Physics and Astronomy and
University of Leeds, Department of Electrical Engineering
(Dated: January 8, 2013)

Magnetostriction in various metals has been known since 1842, recently the focus has shifted away
from ferrous metals, towards materials with a straightforward or exaggerated stress magnetostriction
relationship. However there is an increasing interest in understanding ferrous metal relationships,
especially steels, because of its widespread use in building structures, transportation infrastructure
and pipelines. The aim of this paper is to solve the inverse problem of determining stress from an
observed magnetic field which implies a given magnetic structure and to demonstrate that theoretical
calculations using a multi-physics modeling technique agree with this experimental observation.

1. INTRODUCTION

Understanding the magnetic properties of steel, when
subjected to earths magnetic field, is becoming a key re-
quirement in order to utilise passive magnetic field mea-
surements for condition monitoring of steel structures.
The magnetostriction of steel and magnetisation caused
by stress in steel have long been known, but as yet only
partially understood and exploited. When stress is ap-
plied to a ferrous structure, for example a steel bar, the
magnetisation of the steel changes as a function of stress
and this causes a change in the magnetic field around the
structure. Figure 1 shows a simple scheme relating stress
o which is produced by force F', magnetisation M and
induced field B, which has been the basis for modeling
this phenomena [1][2][3][4]. It is the aim of this paper
to demonstrate the inverse problem of resolving stress in
material by the observed magnetic field, and to do this it
is necessary to validate multi-physics modeling of mag-
netic field and related stress with experimental observa-
tions, this will show that Figure 1 is a valid assumption.

Magnetostriction is an effect first discovered by Joule
in 1842. The Villari effect was discovered by Villari[5] in
1865, and is the inverse of the Joule effect. The first ma-
jor study of this was by Lee[6], later work by Tremolet de
Lacheisserie [7] has provided a wider study of the effects
of magnetostriction and its applications. Magnetostric-
tion has been modeled theoretically by Jiles, Atherton
and Sablik [8][9] and experimental results [10] have been
used to demonstrate the validity of the model. Work
by Atherton and Jiles has shown experimental relevance
on pipeline materials [11][12][13][14]. Further work by
Jiles and Li [15][16] has refined the theory. Jiles et
al developed further experimental work to dependence
on steel composition [17] and crack size [18]. Recent
studies by Viana[l9] and Li [20] have improved on this
model, notably in the modeling of the anhysteric form
of stress magnetisation and the asymmetry of the ten-
sion and compression modes. From this work it is clear
that stress and magnetisation are related, and in order
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to determine the stress regime in steel that is subjected
to cyclic stresses, it is necessary to understand the mag-
netic field that is generated as a result. Jiles, Atherton

FIG. 1: Simple schematic of Stress o produced by force F,
magnetisation M and Induced field B

and Sablik [8][9], have provided a comprehensive theoret-
ical treatment of magnetostriction as applied to ferrous
materials. This has been named by Jiles as the ‘the-
ory of approach‘, whereby the magnetisation in ferrous
material tends to the anhysteric during successive cycles
of stress. The theory has successfully modeled earlier ex-
perimental data, different material to that studied in this
paper, and the theoretical system is encapsulated in the
following expression[9]

am
do

where M is magnetisation, ¢ is stress, € is a property
of the material related to Young’s Modulus, 1 and ¢ are
constants that reflect the ability of magnetic domains to
become magnetised, M, is the anhysteric magnetisation
and M;,, the irreversible part of magnetisation. This
equation can be solved numerically, to give a relation-
ship between stress and magnetisation. Figure 2 shows
a typical solution using data from Jiles[9]. The solution

My,
Mirr 1
)+ ()

= é(ainE)(l —c) (Mg, —


mailto:py10sghs@leeds.ac.uk

presented, shows that irreversible magnetisation can be
expected with steel that is stress cycled, the magnetisa-
tion will tend towards the anhysteric value with repeated
stress cycles, whether the material has zero magnetisa-
tion or starts from some finite value, providing that there
is some external magnetic field present, which could be
earths magnetic field. Interestingly the anhysteric curve
has a magnetisation that is always greater than zero, thus
stress cycling will provide a residual positive magnetic

memory. However, as can be observed from the solu-
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FIG. 2: Solution of the Jiles Atherton Sablik equation

tion, this provides a relationship with M/M;, and this
has to be further transformed into a relationship with
the induced magnetic field B, surrounding the object or
system under study. For complicated structures such as
steel rails, beams or cylinders this requires further un-
derstanding of the structure of the magnetic field sur-
rounding the object, hence the available theory is diffi-
cult to use directly. Wang et al have developed theo-
retical and experimental work in this direction, [2][3][4].
Demonstrating that the magnetic field due to a stress
concentration regime is of a predictable and repeatable
pattern will aid the interpretation of complex data from
steel structures. The experiments in the next sections,
were conducted in order to map the magnetic field due
to tensile stress and to compare it to that theoretically
calculated using a multi-physics modeling tool (COM-
SOL). Understanding the magnetic field behaviour, and
possessing the ability to characterise and model it, is a
key step to being able to use stress magnetisation mod-
eling and experimental data to determine the stress level
in a given steel component based upon its magnetic field.
Being able to parametrise stress - magnetisation from ob-
servation of magnetic field will facilitate the use of field
measurement by magnetometry in non-invasive testing of

steel materials.

2. EXPERIMENTAL METHOD
2.1. Model development from Experimental data

In order to understand the magnetic field surrounding
a stressed steel object, a simple relation of stress - mag-
netic field needs to be developed, that can then be used
in a multi-physics modeling tool to predict the magnetic
field. In order to do this samples of steel need to be
stress tested using the techniques described in the next
section. This is based upon modeling the entire observed
magnetic field B as a function of the applied stress o,
that is the relationship of B = po(H + M) is implicit in
this operation, where H is the total applied field which
will be the sum of H, (earth’s field) and H, the field due
to stress, and M is the magnetisation of the steel due to
this effective stress field (Villari effect). The stress in-
duced field B is then modeled as a function of o, using
the simple relationship of B = ao?+Bo+~. This leads to
an experimental derived relationship between stress and
magnetic field, which can then be modeled as a curve fit
and used in COMSOL modeling software. The details of
this are described in the next section.

2.2. Experimental Method

Two steel samples, comprised of 45# grade steel plate,
see table II for composition and III for strength proper-
ties, were subjected to tensile stress, using a RDP How-
den tensile stress testing machine. The two respective
samples were a 20 mm width rectangular bar, and a 4
mm width dumbbell sample as shown in Figure 5. The
4 mm sample was fabricated in accordance with ENS -
stress testing of metals[21]. For the case of the 20 mm
bar, see table 1.

TABLE I: Curve fit parameters 45# Steel 20 mm bar

Curve a B y
Forward| 3.966 x 107° [7.403 x 107 '®| 0
Reverse |—1.324 x 107°| 0.001859 |4.173

Figure 3 shows a curve fit solutions using experimen-
tal data, for five different width samples, that is used
in this manner. It can be readily observed that there is
a direct correlation between the sample width and the
overall intensity of remanent magnetisation, i.e. overall
height on the vertical axis. The correlation can be readily
demonstrated by plotting sample width against remanent
magnetisation. Figure 4 shows the correlation between
sample width and magnetisation, termed magnetic mem-
ory, can be regarded as linear, in this case the correlation
has been adjusted to pass through zero magnetisation at
zero width.
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FIG. 3: Curve Fit of Stress - Magnetisation, showing Varia-
tion of Magnetic Memory with Sample Width

Figure 3 demonstrates the increase in magnetic mem-
ory with sample width, indicating that the property be-
ing measured is the bulk magnetisation, and thus the
field being measured is a direct property of the geometry
of the steel body. This is in agreement with the work
by Wang et al [2][3][4].  The samples were prepared,

TABLE II: Composition of 45# Steel %wt

C Si Mn Cr Ni | Others
0.42-0.50{0.17-0.37|0.50-0.80| < 0.25|< 0.25|< 0.035

TABLE III: Properties of 45# Steel
Tensile Strength|Yield point
(N/mm) (N/mm)
570 295

before any testing by a degaussing technique, which al-
lowed them to be demagnetised. Then in the first set
of experiments they were subjected to a stress cycle us-
ing the tensile stress machine, up to a maximum force of
10 KN. This subjected the sample to a maximum stress
of 200-300 MPa dependent upon their respective cross
sectional area. The force was applied along the long
axis of each sample at a constant rate up to the max-
imum. Stress and magnetic field (X,Y,Z direction) were

45# Steel Correlation of Sample Width and Magnetic Memory
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FIG. 4: Correlation of Sample Width (mm) with Magnetic
Memory Error bar set at 0.5 SD (inner) 1 SD (outer) Line of
best fit forced to zero

recorded against time, the sample alignment as per Fig-
ure 6. The results of this stage were then used to produce
a stress-magnetisation curve for both tension and relax-
ation which was discussed in the previous section. In
the second set of experiments the demagnetised samples
were placed on a coordinate grid and the respective mag-
netic field magnitudes were measured for 70 positions,
in order to provide a surface mapping of magnetic field
around the sample. The directions of magnetic field are
shown in Figure 6. The magnetic field at a given point
was measured using a Bartington fluxgate magnetometer.
The samples were subjected to a tensile stress of approx-
imately 170 MPa (20 mm sample) and 300 MPa (4 mm
sample), by applying a force along the long axis of each
sample using the tensile stress machine. The magnetic
field mapping was then repeated with the stress cycled
sample, thus the magnetic field due to the magnetisation
caused by stress could be determined as the difference of
the two mappings. Figure 6 shows the 20 mm sample un-
dergoing a stress test. Each sample was subjected to the
required force to give the respective stresses, and then
the tension was released to zero, thus providing one ten-
sion relaxation cycle. The magnetic field was measured
on a plane for three successive vertical heights (27 mm,
110 mm and 155 mm), such that that vertical variation
of magnetic field could also be inferred.
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FIG. 6: Subjecting the 20 mm sample to tensile stress

3. RESULTS

The results of the experiment are coordinate mappings
of magnetic intensity. Figure 7 shows the magnetic field
mapping results for the 20 mm steel bar.The 20 mm bar
shows a clear pattern for the two lower levels, both having
a very similar orientation for the X | Y, and Z magnetic
field directions. The pattern is less distinct for the 4 mm
case, only the middle level showing a field orientation
similar to that of the 20 mm case. The 4 mm bar has
much less metal surface area, only 20% of the 20 mm

Sample 14 -45# Steel
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Z Direction
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FIG. 7: Mapping of Measured Magnetic Field for 20 mm bar
sample, at heights of 27mm, 100mm and 155mm

case, which considerably weakens the magnetic signal,
albeit there is increased magnetisation due to a higher
stress level. The field patterns show that

i. in the X direction, the high intensity field is at the
center of the bar, low intensity at the sides

ii. in the Y direction intensity decreases as distance
from the bar increases

iii. in the Z direction there are diagonal symmetry of
intensity, indicating the fields change direction

All of this is consistent with looped field lines that are
flowing from poles at either end of the bar, to the opposite
pole in the centre of the bar.

4. COMPUTATIONAL MODEL

In order to explore how the samples behave under
stress, a multi-physics modeling programme, COMSOL,
was used to model the stress distribution in the two sam-
ples, using a finite element technique. The process is
broken down into a series of steps in order to achieve a
model of the stress - magnetisation relationship.

Firstly, the geometry of the given specimen is modeled,
using a 3D drawing tool, this was in fact the same one
used in the fabrication of the sample from plate steel.
Once the 3D model is available it can be imported into
the multi-physics software, at this stage the air space
around the ferrous specimen has to be included in the
model. Figure 8 shows the 3d model of the steel bar
sample used in this experiment.
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FIG. 8: a) 3d model of steel sample b) Stress calculation and
mapping

The material properties are needed to calculate tensile
stress in the sample, table II for composition and III for
strength properties, have been shown in previous exper-
imental section. The software models of stress using a
finite element method with the modeled sample meshed
into small regions.

Once the stress distribution has been calculated, then
a stress - magnetisation relationship can be used in the
COMSOL model. This has been obtained empirically, as
described in the experimental section, by stress testing of
similar samples and determining the stress-magnetisation
curve, which is a curve fit of the experimental data.
The resultant magnetic field around stress concentration
zones in the sample can thus be mapped, in order to vi-
sualise the field, an example of this is shown in figure 9.
From this the magnetic intensity images were developed,
for the the three perpendicular field directions X,Y and
7.

5. DISCUSSION AND COMPARISON OF
RESULTS-THEORETICAL MODEL

The results of the experiments, and the calculated re-
sults from COMSOL can now be compared on the same
basis. Figure 10 shows the magnetic field mapping com-
parison results for the 20 mm steel bar, alongside the
field calculated by the COMSOL model. Allowing for
the resolution the images are strikingly similar, with the
COMSOL and experiment showing corresponding images
in the three planes XYZ. It is noted that due to the stress
- magnetic field modeling process that there will be a scal-
ing factor between the experimental observations and the
COMSOL model, as can be seen the two scales are not
the same, but there is a linear correspondence between
the two, this will be explored further in later experiments.

The magnetic field mapping comparison is discussed
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FIG. 9: Orientation of magnetic field
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FIG. 10: Mapping of Measured Magnetic Field for 20mm bar
sample compared to that calculated by COMSOL model

as

i. in the X direction, the field lines approach the south
pole from the the north pole, thus when viewed in
the X direction the field lines are closer together at
the centre of the bar and widen out, creating a high
intensity zone

ii. in the Y direction the field lines converge at the
south pole from the north pole, as the Y distance
increases then the lines get further apart, creating



an intensity gradient

iii. in the Z direction, field lines leave the North pole
in opposite directions at each corner thus there are
diagonal symmetry of intensity, indicating the fields
change direction

As can be observed the magnetic field intensity corre-
sponds to the expected field orientation on each major
plane, again strong evidence that the applied stress has a
consistent orientation of magnetic field. The experimen-
tal and model images show an excellent correspondence,
thus there is objective evidence that the modeled stress
concentration zones have the same magnetic field image
as those obtained by experiment, thus the multi-physics
model is validated. This will lead to the model being used
to tackle the inverse problem of resolving stress from a
given magnetic field pattern.

6. CONCLUSIONS

The experimental and theoretical calculation discus-
sions in the previous sections show excellent agreement,
and give strong indication that the magnetic field created

due to a bar being subjected to a stress cycle corresponds
to the initial assumptions. The poles are formed at either
end of the stress concentration zone, in the cases exam-
ined this was the entire length of the sample in between
the jaws of the tensile stress tester. An interesting de-
velopment would be to introduce known defect or stress
concentration zones in this region to see how the field
changes, this will be done in a further set of experiments.
This gives an important indication of the magnetic field
orientation around an area of stress concentration in a
steel component, and allows magnetic field data to be
interpreted to predict both stress concentration and ar-
eas of abnormal condition. This is the first step in re-
solving the inverse problem of stress determination for a
given steel structure from its surrounding magnetic field.
Further work will include the development of the linear
correspondence between experimental and model, and of
stressed bars which have manufactured defect, allowing
the magnetic field - stress relationship of defect zones to
be analysed.
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