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In order to investigate the residual magnetic field (RMF) variations of initially undemagnetized ferromagnetic
materials, tensile tests were conducted on the U75V steel specimens under tensile load with increasing ampli-
tudes. It is found that the fluctuation of the unidimensional RMF reduces with the increase of load in the elas-
tic stage, and remains relatively stable during the plastic stage. An effective way for characterizing deformation
stages of the undemagnetized specimen is proposed by analyzing the RMF signals outside the longitudinal axis
of the specimen. The two-dimensional vector distribution of the RMF indicates that the specimen tends to be
magnetized as a rectangular magnet with an N pole and S pole at two ends with the increase of load. The pos-
sible reasons underlying the experimental results are discussed on the basis of the theory of the interaction

between dislocation and domain.
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1. Introduction

Passive magnetic techniques such as metal magnetic
memory (MMM) make use of variations in the residual
magnetic field (RMF) of a ferromagnetic material under
the combined operation of external loads and ambient
geomagnetic field [1]. The MMM technique is suitable
for many engineering practices due to its advantages of
easy-operation, time-saving and simple criteria. It is
regarded to be effective in assessing the early damage as
well as fully developed defects [2]. Therefore, there has
been an increasing interest in the investigation of the
RMF of ferromagnetic materials induced by external
loads due to that a strong demand from industry for
methods to evaluate the state of stress and deformation [3,
4].

The RMEF signals include the tangential component,
which is parallel to the specimen surface, and the normal
component perpendicular to the specimen surface, which
are two basic parameters employed for the MMM
technique. In previous research, a number of experiments
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have been conducted to investigate the effects of stress on
the RMF variations in many demagnetized ferromagnetic
steels [5-7]. These studies showed that the RMF distribu-
tions along scanning lines are approximately linear in the
elastic deformation stage. In contrast to elastic deformation,
plastic deformation creates dislocation, dislocation tangles
and even dislocation cellular structures, which make
magnetic behavior in the plastic deformation stage more
complex. Factors found to impact on the RMF signals
have been qualitatively investigated as well, such as the
loading type [7, 8]; the chemical compositions of
ferromagnetic materials [9]; the initial magnetic state of
the specimen [10, 11]; the geometry and dimensions of
the specimen [12, 13]; and the loading speed and loading
history [14, 15]. Their research demonstrated that these
factors can change the magnitude of the RMF, whereas
significant influence on its variation trend or the residual
magnetic curve’s profile has not been found. Previous
work were mainly focused on the investigation of the
unidimensional RMF variations of demagnetized materials,
nevertheless experimental research on the multidimen-
sional RMF distribution characteristics induced by ex-
ternal loads in undemagnetized materials is scarce. In
engineering practices, the initial remanent states of
ferromagnetic components are non-uniformly distributed,
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and the demagnetization for these components is time-
consuming and even impractical. Therefore, the compre-
hensive understanding of the multidimensional magnetic
field surrounding an undemagnetized ferromagnetic com-
ponent is quite important. In this paper, tension tests were
carried out, and the multidimensional RMF variations of
undemagnetized U75V steel specimens at different load
levels were investigated. In the meantime, the possible
reasons underlying the experimental results were further
discussed.

2. Experimental Details

The tested material was U75V steel which is a common
material for rail construction in China characterized with
high strength, excellent wear and fatigue resistance, and
relatively poor welding performance. Its chemical com-
position and mechanical properties are listed in Table 1
and Table 2, respectively. Tensile specimens of dimen-
sions 200 mm (length) x 30 mm (width) x 4 mm (thick-
ness) were machined into smooth plate according to the
Chinese Standard GB/T228-2002, as shown in Fig. 1 by
bold lines. A scanning line with a length of 240 mm was
drawn on the surface of the specimen, and 150 points at
intervals of 20 mm on an area of 180 mm X 280 mm
around the specimen were chosen for the RMF measure-
ment. It should be noted that the specimens were not
demagnetized before loading.

The tensile tests were carried out by a universal testing
equipment with a peak capacity of 200 kN. The RMF
signals were monitored by a magnetic magnetometer
TSC-1M-4 and a scanning sensor with a lift-off value of 4
mm, whose measurement sensitivity is 1 A/m. In tensile
testing, the specimen was first loaded to a preset load and
unloaded to 0 KN, and placed on a non-magnetic scann-
ing platform along the south-north axis. Then, the RMF
signals (H,,, H,.) along the scanning line and of 150
measurement points (H,,, H,,) were immediately collect-
ed. After that, the specimen was loaded again to a higher
predetermined load and unloaded, and the above proce-

Table 1. Chemical composition (wt%) of specimen material.
Material C Si Mn P S v
U75Vv 0.70-0.78 0.50-0.80 0.70-1.05 <0.03 <0.03 0.04-0.12

Table 2. Mechanical properties of specimen material.

Elastic modulus, Yield strength, Ultimate tensile strength,
E (GPa) o,(MPa) 0,(MPa)

u7sv 200 650 980

Material
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Fig. 1. (Color online) Specimen shape, scanning line and mea-
surement points (unit: mm)

dure was repeated until the specimen was fractured. The
measurement provides three components of the RMF on
the specimen surface as shown in Fig. 1.
* H,,—tangential component measured in the direction
parallel to the specimen surface along X axis,
* H,,—tangential component measured in the direction
parallel to the specimen surface along Y axis,
* H,,—normal component measured in the direction
perpendicular to the specimen surface along Z axis.

3. Results and Discussions

Figure 2 shows the variations of the H,, and H,.
components along the scanning line loaded from 0 to 70
kN in the elastic stage. One may observe that the residual
magnetic curves change conspicuously at small loads, and
then revert to a more gradual rate of change at high loads.
The initial H;, and H,. at 0 kN fluctuate drastically along
the scanning line and resemble sinusoidal waveforms,
which suggest the irregular orientation of magnetic domains
before loading. One striking event in Fig. 2 is that the
change of the magnetic amplitude in three contiguous
waveforms as marked between two dashed lines. In Fig.
2(a), the consecutive magnetic amplitudes 4H,, is about
492 A/m at 0 kN. As the load increases to 10 kN, the
magnetic fluctuation of 4H,, is reduced to about 379 A/
m. The magnetic traces seem to be further compressed at
20 kN, and the corresponding 4H,, is rapidly reduced to
about 257 A/m. As the applied load continues to increase
by a uniform pace, the fluctuation of the magnetic fields
decreases at a more gradual rate and the H,, curve tends
to be a horizontal line. Similar results can also be found
in the H. curve between two dashed lines in Fig. 2(b), the
fluctuation of 4H,, . is quickly reduced from 600 A/m at O
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Fig. 2. (Color online) Variation of the RMF components along the scanning line with the increase of load in the elastic stage: (a)

tangential component H,,; (b) normal component H,,..
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Fig. 3. (Color online) Variations of AH,, and AH,, with the
increase of load in the elastic stage.

kN to 285 A/m at 20 kN. Thereafter, the /. curve rotates
counterclockwise with a decreasing rate and evolves into
an almost oblique line.

The variations of 4H,, and 4H,. with the increase of
load are further displayed in Fig. 3. It can be observed
that the stress-induced magnetic behavior of AH,, re-
sembles that of 4H,,.. To be specific, with the increase of
load from 0 to 30 kN, both AH,, and 4H,. decrease
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dramatically from 492 to 152 A/m and from 600 to 129
A/m, respectively. Thereafter, although the applied load
increases significantly from 40 to 70 kN, both 4H,, and
AH,; decrease slightly from 117 to 48 A/m and from 77
to 28 A/m, respectively.

Figure 4 presents the variations of the H,, and H,.
components along the scanning line loaded from 80 to
110 kN in the plastic stage. One may observe that the
magnetic curves continue to evolve with slight alteration
in terms of magnitude and shape. The maximum magnetic
fields in the H,, and H,. curves decrease slightly from
449 to 397 A/m and 706 to 610 A/m, respectively. In
addition, the adjacent weeny waveforms seem to dis-
appear from the middle section of the magnetic curves.

Compared with the evolution of the magnetic curves
measured from the left side of the scanning line, another
interesting feature in Fig. 2 is that the magnetic traces on
the right side demonstrate a more conspicuous change at
various applied loads. Accordingly, curve 4B and curve
CD are intercepted from the entire H,,and H,. curves as
shown in Fig. 2. The variations of the magnetic curves AB
and CD with the increase of load are further presented in
Fig. 5. One can see that the AB curves corresponding to
the tangential component H,, present good linearity along
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Fig. 4. (Color online) Variation of the RMF components with the increase of load in the plastic stage: (a) tangential component H,,;

(b) normal component H,,..
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Fig. 5. (Color online) Variations of H;, and H,,, at various applied loads in different deformation stages: (a) curve AB; (b) curve
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Fig. 6. (Color online) Variations of the average magnetic field and the slope coefficient of curves 4B and CD at various applied
loads in different deformation stages: (a) average magnetic field; (b) slope coefficient.

the scanning line, and the CD curves corresponding to the
normal component H,. are comprised of a series of
oblique lines like a bellmouth. When the tensile load is
below 80 kN, which is within the elastic stage, curve AB
moves upward with an increase of the magnetic value.
Similar results can also be observed in Fig. 5(b), but it
seems that a different pattern emerges. Curve CD moves
upward and rotates clockwise around the right edge of the
scanning line. However, as the deformation proceeded
into the plastic stage, curve 4B starts to move downward
with a slight decrease of the magnetic magnitude. Curve
CD begins to rotate counterclockwise with a slight
decrease of the slope.

Figure 6 shows the variations of the average magnetic
field and the slope coefficient of curves AB and CD with
the increase of load. One can observe that the variations
of the average magnetic field and the slope of curve 4B
resemble that of curve CD. As shown in Fig. 6(a), the
average magnetic field increases steadily in the elastic
stage, and decreases slightly in the plastic stage. However,
an opposite behavior can be observed in Fig. 6(b), the
slope coefficient decreases drastically in the elastic stage,
and increases slightly in the plastic stage. All of these

results indicate that both the average magnetic field and
the slope coefficient of curves AB and CD are effective in
characterizing the elastic and plastic deformation stages.
Additionally, during the elastic deformation stage, it
seems that the applied load is highly related to the
average magnetic field and the slope coefficient which
provide a promising tool to analyze the stress in ferro-
magnetic materials. Previous studies also demonstrate that
the slope coefficient of the magnetic curves can be
utilized to characterize the deformation stages of steel
specimens [5, 6, 12, 13]. However, the magnetic curves in
their tensile tests were measured within the longitudinal
axis of the specimens, and the specimens were pre-
liminarily demagnetized. For an undemagnetized specimen,
its initial remanences introduced by manufacturing pro-
cess are non-uniformly distributed as shown in Fig. 2 at 0
kN. In the current study, it seems that an effective way for
characterizing deformation stages is achieved which is to
analyze the RMF signals outside the longitudinal axis of
the specimen.

It can be observed from the preceding results that the
magnetic fields emerge a gradual rate of change in the
elastic stage and remain relatively stable in the plastic
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Fig. 7. (Color online) Schematic diagram of domain’s reorientation induced by stress: (a) initialorientation of magnetic domains;
(b) orientation of magnetic domains with increasing stress; (c) magnetic domains turning to the same ordering with further increase

of stress.

stage. This is highly related to the stress and micro-
structural changes during the loading process. In the
elastic stage, the application of load promotes the un-
pinning of domain walls and the rotation of magnetic
moment towards the tensile direction [5, 6]. As the ap-
plied load increases, more magnetic domains are starting
to rotate and the reorientation rate changes at a more
gradual rate. In the plastic stage, the dislocations gradu-
ally pile up and interconnect as cell structures to form
dislocation walls, which create some obstacles to the
movement of magnetic domains. In addition, the residual
compressive stress after unloading causes the magnetic
moment reorient in perpendicular direction to the pre-
vious tensile direction. The balanced state could be
obtained when all magnetic domains perform an entire
rotation [9, 13, 16]. A schematic diagram is proposed to
illustrate the magnetic domain’s reorientation induced by
the applied load [17]. As shown in Fig. 7(a), in the initial
state, the orientations of the magnetic domains are in
disorder. When the load is applied to the specimen, those
magnetic domains whose orientation is near the load
direction tend to rotate first toward the tensile direction as
shown in Fig. 7(b). Then with the applied load increasing,
the imperfection and residual stress in the specimen begin
to adjust and more irregular magnetic domains are
starting to rotate as well, and gradually turn to the same
ordering as shown in Fig. 7(c). This leads to the observed
stress-induced variations of the magnetic curves (H,, and
H,.) and the magnetic fluctuations (4H,, and 4H,,.) in the
region between two dashed lines.

However, the magnetic field changes at two ends of the
specimen are much more complicated than that in the
middle section. Three factors besides the action of load
must be taken into consideration. Firstly, tensile testing
machine fixture has a magnetic field itself under the long-
term use, which inevitably influences the surface mag-
netic fields of the specimen. Secondly, after the specimen
is clamped, the additional magnetic fields are induced in
the two fixtures, since compressive stress is introduced
[7]. The measured magnetic fields at both clamped ends
are easily disturbed and affected. Finally, there is an
abrupt decrease of permeability at two ends of the speci-

men since it has an air-gap in the area away from the
specimen, which causes a sharp change in the magnetic
property along the scanning line. All these factors induce
the observed magnetic field changes and the generation of
the abnormal magnetic peaks on either side of the speci-
men. Since the permeability and the magnetic charges at
two ends of the specimen change concomitantly with the
increase of load [18, 19], the abnormal magnetic peaks
are becoming more prominent and finally tend to be
stable on either side of the specimen. As a result, the
initial load-free curve changes to the final stable curve
with the applied load increasing. Interestingly, although
the RMF signals at two ends of the specimen are
influenced by a number of factors, the average magnetic
field and the slope coefficient of curves 4B and CD are
still positively correlated with tensile load in the elastic
stage and weakly correlated in the plastic stage, which
suggest that the prevailing magnetization of the specimen
presumably is the stress-induced magnetic field. There-
fore, analyzing the RMF signals outside the longitudinal
axis of the specimen makes it possible to characterize
elastic-plastic deformation stages.

To further investigate the RMF distribution characteri-
stics surrounding the specimen, the H,, and H,, com-
ponents of 150 measurement points in the XY plane were
recorded. Figure 8 shows the corresponding two-dimen-
sional vector distribution of the RMF at several applied
loads. It can be clearly seen that the specimen tends to be
magnetized as a magnet with a north pole and south pole
at two ends with the increase of load. With the applied
loads of 0 kN and 10 kN (Fig. 8(a) and Fig. 8(b)), the
arrows are in disordered directions and short length in the
area away from the specimen. As the applied load is
increased to 40 kN (Fig. 8(c)), the magnetic field distri-
bution behaves to a first approximation like the magnetic
field surrounding a simple bar magnet, which can be seen
more clearly when the applied load is increased to 60 kN
(Fig. 8(d)). Thereafter, the two-dimensional vector distri-
bution of the RMF reverts to a more gradual rate of
change in the plastic stage. With the applied loads of 80
kN and 100 kN (Fig. 8(e) and Fig. 8(f)), the magnetic
vector distribution resembles each other with slight
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Fig. 8. (Color online) Two-dimensional vector distribution of the RMF at several applied loads: (a) 0 kN; (b) 10 kN; (c) 40 kN;

(d) 60 kN; (e) 80 kN; (f) 100 kN

differences in terms of magnitude and direction, which
are consistent with the observed results from Fig. 4.

4. Conclusions

In this research, tensile tests were carried out to investi-
gate the RMF variations of U75V steel specimens under
different load levels. The RMF distribution along the
scanning line demonstrates different characteristics in the
elastic as well as the plastic loading stages. In the elastic
regime, the amplitude of magnetic field variation reduces
with the increasing loads. In the plastic regime, the RMF
curves continue to evolve with slight alteration in terms
of magnitude and shape. The result of analyzing the RMF
signals outside the longitudinal axis of the specimen turns
out to be an effective way for characterizing deformation
stages. The two-dimensional vector distribution of the

RMF in the XY plane indicates that the specimen tends to
be magnetized as a magnet with a north pole and south
pole at two ends. The RMF surrounding a steel specimen
demonstrates a pattern similar to that of a magnetic field
surrounding a rectangular magnet.
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