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Abstract: Detecting stress concentration, especially critical stress state leading to structure damage or failure, is one of the most
important tasks of equipment diagnosis. Metal magnetic memory technique needs further research to evaluate stress concentration
quantitatively due to ambiguous physical mechanism, though it has potential to detect early defects in ferromagnetic materials. Mild
Q235 steel defective specimens in demagnetization state were loaded in tension up to visible necking, with magnetic memory signals
measurement made at increasing stress levels. Magnetic signals varied greatly under first several loadings and subsequently tended to
stability in the elastic region, which showed that the magnetization always approaches the anhysteretic magnetization curve and was
explained by the theory of magnetomechanical effect. In the plastic stage, an abnormal wave occurred in the stress concentration zone
and its height value was sensitive to plastic deformation levels and dependent on the distance between the probe and defect, in
accordance with the simulation results based on the magnetic dipole model. Different magnetic signal characteristics in the
elastic-plastic region indicate that the magnetic memory technique can identify macroyielding and early damage, which is of profound

significance for ensuring safe operation of equipment in service.
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1 Introduction

It is important to evaluate damage degree of
ferromagnetic materials nondestructively in engineering
field. Magnetic testing methods can be used for this
purpose, as magnetic properties in ferromagnetic materials
are very sensitive to lattice defects such as dislocation,
grain boundary, etc!'. Especially, magnetic Barkhausen
noise (MBN), magnetoacoustic emission (MAE), and metal
memory method (MMM) have received considerable
current attention!”! since they have potentials in estimating
the early damage of ferromagnetic components.

MMM is a passive magnetic testing technique without
special magnetizing devices as compared to MBN and
MAE. It utilizes variations in the self-magnetic leakage
field, and attempts to determine stress concentration zones
or micro and macro-defects on the metal surface™. Owing
to the complexity of magnetomechanical effect to cause
MMM phenomenon, experimental research on the physical
mechanism of MMM testing has been conducted, in
particular static tensile tests, but their findings are not
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always reconciled. In the elastic deformation stage,
magnetic signals transformed from random
distribution to magnetic ordering state* indicating some

initial

certain relationship between external stress and magnetic
signals®!. This coincides with remarkably stable rates of
change observed by WILSON, et al'®,, but it was not an
exponential decrease as described by DUBOV"!. During
the plastic deformation stage, there were different views
about the wvariation of MMM signals, that is, with
increasing applied stress, the MMM signal could hardly
change! or increase!”. In the meanwhile, MMM signal
characteristics of critical states were noticed fluctuating on
the verge of yield and sharp changing of magnetic polarity
on the verge of fracture!®!. It was shown that locations of
slip lines accorded with magnetic turning points’, but
there was no simple correspondence between MMM
signals and applied load.

Nonetheless, the specimens were not demagnetized prior
to testing in the above experiments, and exhibited
remanence depending on the residual stress in the material.
However, materials with high levels of residual stress are
likely insensitive to applied stress!'®, and the initial
magnetic states will affect or even disturb the magnetic
signals. The purpose of the present research is to
differentiate the effects of elastic and plastic deformation
on magnetic memory signals on the surface of the defective
specimen starting from the demagnetization state. The
possible reasons underlying different magnetic trends, and
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the feasibility to evaluate the degree of damage in the
plastic region are discussed below.

2 Experimental Section

The material investigated was mild Q235 steel. Tensile
specimens of central dimensions 70 mm (length) X 23.6
mm (width) X3 mm (thickness) were cut from the mild
steel plate, with a V-shaped notch of depth 3 mm and width
3 mm, as shown in Fig. 1. Three parallel scan lines at
intervals of 3 mm were drawn on the surface of the
specimen before testing, which were named line 1, line 2
and line 3 sequentially from bottom to top, respectively.
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Fig. 1. Geometry of the specimens and measurement lines
The tensile experiments were performed on a universal
testing machine Zwick/Roell Z050 at room temperature,
using a crosshead speed of 2 mm/min, in accordance with
the Chinese National Standard GB/T 228-2002. The
specimens were preliminarily demagnetized via a
demagnetizer TC-50 and then mounted vertically in the
jaws. Load was applied to the specimen in increments, and
the normal components of the surface magnetic field
intensities, f,, with a scanning interval of 1 mm along
different scan lines were immediately measured by a
magnetic indicator TSC-1M-4 with a scanning sensor type
2, up to a visible necking phenomenon. Note that the sensor
probe was always perpendicular to the specimen surface
with a liftoff of 2 mm during testing. These measurements
were made in-situ while the specimens were under load.

3 Experimental Results

The engineering stress-strain curve was measured on the
tensile testing machine, which indicated that the yield point
is at 21.5 kN and an appreciable crack occurs at a load of
24.5 kN. Fig. 2 shows the variation of 7, along the scan
lines 1, 2 and 3 under different loads, respectively.
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Fig. 2. H, distributions along different measurement lines
under different loads

As seen in the diagram, there is a significant change in
H, distribution after the first loading as compared to the
original state, and slight variation with subsequent
increasing loads in the elastic region, whereas abnormal
wave crest and trough come into being in the plastic regime.
Notable feature is the abrupt change in H, curve before the
macroscopic yield point, and wave height, which is defined
as crest minus trough, further increases afterwards, up to
break.

The Hy curves have the same wave-form in the plastic
stage, and this distribution characteristic can be used to
identify the elastic-plastic range. The abnormal wave in the
plastic region indicates the most serious stress
concentration zone, corresponding to the V-shaped notch.
Moreover, the magnitude of wave height reflects the degree
of stress concentration. It follows from Fig. 2 that the
specimen is more dangerous when loaded to 24.5 kN than
that subjected to 21.5 kN.

It should be noted that the wave heights obtained from
different scan lines under the same load are different. Fig. 3
illustrates wave crest and trough distributions in H, after
yielding. It can be seen from the plot that peak signals will
increase when the probe gets closer to the notch.

4 Discussion

4.1 Variation regularities in elastic and plastic stages
In the elastic stage, the effect of stress on the
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magnetization can be considered as an effective field, and
thus the change in magnetism with applied stress under a

constant magnetic field based on the theory of
magnetomechanical effect is given by''"'?]
M 1 dmM
——=—0(M,-M)+c—=, 1
d o 82 ( an ) do— ( )

where ¢ and c are constants, M,, presents the anhysteretic
component of magnetization, and the magnetization M
contains a reversible component M,., due to domain wall
bending and an irreversible component M, due to wall
displacement.

W

)

Normal components Hy, (A-nfl)

Scan lines

Measurement line x/(mm)

(a) Under a load of 21.5 kN

Normal components A (:\~nfl)
¥

o, T — 60
- e 40
\f(/ -
0

Scan lines Measurement line x/(mm)

(b) Under a load of 23.0 kN

%
=3

b
-y
=3

Normal components A (:\~nfl)

Scan lines Measurement line x/(mm)

(c) Under a load of 24.5 kN

Fig. 3. Abnormal waves in the plastic region

It follows from this expression that the magnetization is
related not only to stress o but also to the
displacement M_ —M . In other words, the magnetization
in the specimen will always head towards the anhysteretic

anhysteretic
[13]

magnetization curve in  which the
magnetization is the lowest energy state of the domains
When most weak domain wall pinning sites are overcome,
the magnetization reaches a mostly reversible process, just
as shown in Fig. 2.

On the other hand, magnetic behavior becomes more
complex in the plastic region. Plastic deformation via slip
processes leads to the multiplication of dislocations, which
then develop into substructures such as dislocation tangles
and cells, thus forming stronger pinning sites for domain
walls than individual dislocations!*. It is difficult to
characterize quantitatively the degree to which the strength
of pining sites contributes to a change in the H, signal.
However, it is interesting that the wave height increases
with the continuing plastic strain. The wave exhibits
sharper crest and trough when the specimen undergoes
larger deformation, such as necking. This characteristic can
be used to distinguish stress concentration zones and
corresponding dangerous level.

4.2 Effect of scan lines on wave heights

The wave height, given in Fig. 3, exhibits the
dependence on the distance between the scan line and the
notch. It can be seen clearly that the characteristic
parameter of H, signal becomes more and more intensive to
stress concentration with decreasing distance from the
notch.

This can be explained by reference to the V-shaped notch
model of magnetic dipole!®! as shown in Fig. 4, in which
the width and depth of the crack are 2b and d, respectively.
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Fig. 4. V-shaped crack

As a result, assuming that magnetic charges are
uniformly distributed on the two inclined surfaces, H,
component in one certain point P(x,y) is calculated as
follows!"*!:

+b) +°
H, = pd ln(x )2 4 +
d*+b*  (x-b) +y°
2 2
2pb arctand +dy+xb an dy+bx—b"
d*+b? bd + by —dx bd +by —dx
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where p isthe areal magnetic charge density.
Distributions of H, components were obtained along 3
scan lines with 0 mm, 3 mm, and 6mm distance from the
notch respectively, and are illustrated in Fig. 5. The wave
crest and trough give a predictable output containing signal
features that clearly correspond to the defect position. The
variation of wave height with respect to location of the
defect has good agreement with the simulation results.
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Fig. 5. H, signal corresponding to different distance

from the notch

Compared with the experimental signal, a distinct
difference is zero-crossing in the model. Indeed, the
specimen was clamped at two ends, causing compressive
stress by two clamps. Consequently, the magnetic field will
be introduced. Therefore, the value of H, in the notch is not
equal to zero because of the superposition of these two
fields.

5 Conclusions

(1) The H, signals show different variations in elastic
and plastic regions due to the influence of either applied
stresses or different deformation levels. The abnormal wave
in H, signal observed in the plastic stage can detect the
critical state of the macroscopic yield point.

(2) The wave height value in plastic stage depends on the
degree of plastic deformation. As the plastic strain
increases, the wave height value increases correspondingly.

(3) The wave height value in H, signal is sensitive to the
distance from the defect or stress concentration zone. The
closer the distance between the probe and the notch, the
sharper the wave crest and trough, which is in accordance
with the simulation result based on the magnetic dipole
model.

(4) The distinct wave can be used to locate the stress
concentration zones, but the value of H, in the damage zone
is not always zero-crossing because of superposition of
several magnetic fields in engineering practice.
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