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Abstract: The magneto-mechanical memory (MMM) method, teaiften referred to as the
metal magnetic memory method, has been reportéé & non-destructive testing technique
capable of quantifying stress concentrations arectiag defects in ferromagnetic materials.
The underlying mechanism behind MMM has been erpthiin the literature, but the
sensitivity to stress concentration has not beésfaetorily investigated. In this paper, both
the normal and tangential components of the sirekssed MMM signal were measured by
permanently installed magnetic sensor arrays onirsgas made from three grades of L80
alloy steel and 20 other structural steels; tegteevalso carried out on a pipe made from the
4140-L80 steel. As expected, the stress histogctdfthe MMM signal, but the experimental
results show that significant irreversible chanfjenagnetization always occurs only in the
first cycle of loading regardless whether the defation is purely elastic or partially plastic.

If the peak stress level is increased at a givent pluring cycling, the immediately following



next cycle acts as a new “first” cycle at that pstakss level and causes additional significant
irreversible change of magnetization, but thereasvidence that plastic deformation might
build up a cumulative magnetization. The MMM effégtvery small in the steel samples
tested, indicating that it will not be useful ielfl applications. In un-notched specimens the
irreversible change in magnetization caused a ptignal change in the measured external
magnetic field on the order of only 5-10 A/m, whifethe case of notched specimens the

leakage field was on the order of 30-60 A/m.

Keywords. magneto-mechanical memory, stress concentratiomaently installed sensors,

irreversible change, cumulative magnetization

1. Introduction

Internal or external corrosion in pipelines is umdable, and compromises the structural
integrity of the pipeline [1]. The pressure and diag stresses that the pipe experiences will
result in stress concentrations in corroded areasa geometric wall thinning. The ability to
detect and quantify a stress concentration zon&)®€ detect micro-defect growth, can in
principle enable one to predict the location of hegdcal failure and evaluate the residual life
of pipelines [2]. There is a range of well-estdiid non-destructive testing (NDT) methods
used in pipeline inspection, such as radiographyaaonic testing, eddy current testing and
magnetic flux leakage (MFL) pipeline pigs [3]. Theagneto-mechanical memory (MMM)
technique, which is also referred to as the metabgmetic memory technique [4-7], is
promoted as a passive, non-contact NDT method, ukas measurement of the residual
magnetic leakage field (RMLF) above a pipe to detegions of stress concentration or
defects [5,8-12].

Ferromagnetic materials exhibit intrinsic remanerdgnetization left behind after the

applied magnetic field is removed. This magneticnogy effect is widely exploited in



magnetic storage devices and can be also expléitedhe purposes of nondestructive
materials characterization. Of particular intenesthis study was magnetic memory of the
mechanical deformation history of ferromagnetic enats that can be directly related to
remaining strength and service life of fracturdical components. The underlying physical
phenomenon behind such magnetic memory of a memddamrigin is the so-called
magneto-mechanical effect [6,13,14], in which tippleation of stress in a ferromagnetic
material causes the rearrangement of magnetic ademtiereby causing a change in the
magnetization of the material. The MMM method isgmlly rather weak and perceivable
only in the absence of strong applied magnetiad$ielTherefore these NDE techniques
require high detection sensitivities commonly emteted in residual magnetic flux leakage
measurements. Jiles and Atherton laid down thedation of NDE based on the elastic
magneto-mechanical effect [13,14], which shows thatlargest change in RMLF is always
in the very first elastic loading cycle. Then, het cycling at the same stress level has no
significant effect on the RMLF signal. Dubov repmattstronger cumulative elastic and plastic
magneto-mechanical effects that he called the “retgtastic” effect [5] and
“magnetoplastics” [6], respectively. These effegtge reported to manifest themselves in an
irreversible increase of RMLF in the presence efemk external field, as shown in Fig. 1.
Dubov postulated that cyclic plastic strain has umulative effect, so that the RMLF
increases right up to point of failure. This effegbuld make defects producing stress
concentrations in heavily loaded structures praivety easier to detect as failure
approaches, and could be a very attractive appré@cNDT. However, before basing an
inspection procedure on the method, it is necedsadgtermine the strength of the effect in
the materials of interest. The magneto-mechanitattels sensitive to the microstructure of
the ferromagnetic material, meaning that mechamgelic softening or strengthening can be

observed on different materials [15].



A potentially significant advantage of the MMM teitjue as a means to locate stress
concentration or monitor defects is that the signtnsity is not as significantly affected by
the stand-off as other techniques such as ultrasoureddy current inspection [3,16]. This
could allow the technique to be applied for detectof corrosion under insulation or in
buried pipes at significant stand-off [17]. The MMféchnique has been implemented as a
periodic screening inspection tool by measuring RMlistribution on the outer surface of a
specimen [18]. It has been reported to be capablevaluating the degree of stress
concentration [19-22], indicating the deformatidage [23-26], and monitoring fatigue crack
propagation [27-29].
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FIGURE 1. Schematic representation of timagnetoelastic effect action mechanism (after [@YM, and

AM cr,m_ra’ are variations of residual magnetization unded laad after its relief, respectivelAo is the

variation of thermal stress antfl; is the external magnetic field.

Recent publications have suggested that the MMMniecie has low reliability when
used for stress assessment if the formation comditof the remanence state are not taken
into account [30-32]. Different formation condit®rmay cause significant variation in
remanent magnetization. The RMLF produced duerasstconcentration depends on many
factors, such as the initial magnetic state [3Bf external background magnetic field

[34,35], the chemical composition and microstruetof the material [15,35] and the load



history [36]. In most MMM experiments in the pulblex literature, the chemical composition
of samples was known in advance, and the samples wgeially demagnetized prior to the
application of stress. As the source of excitatiorthe MMM technique, the background

magnetic field only changes the MMM signal magn&udnd does not change the profile of
the response curves. The load history has a monglea influence on the MMM signal, due

to the hysteresis of the magneto-mechanical efi6;86].

During site trials, the MMM technique has been shdwdetect defects in some instances,
but has failed in other trials [37]. It is inter@sgf to note that diagrams of the form of Fig. 1
are often presented in a schematic form in paperthe MMM technique [5,6,38], rather
than being illustrated with real experimental d&tathis paper we evaluate the sensitivity of
the MMM technique using permanently installed moritg systems on some steel alloys
commonly used in pipeline applications. The primguestion this study raises is whether the
magnetic memory exhibited by some common Gradek86f pipe steel conforms to the
relatively weak magneto-mechanical effect predidigdliles and Atherton [13,14] or to the
empirical observations of a stronger cumulative meagplastic effect reported by Dubov [6]
and others. Both effects occur in the presenceeskwexternal magnetic fields such as the
natural geomagnetic field (30-50 A/m).

In this paper, dog-bone specimens were prepared fepresentative materials and tensile
testing was carried out. In addition, four pointndimg tests were performed on a pipe
specimen. Both the normal and tangential comporadritee stress-induced RMLF just above
the specimen surface were measured by means ofapentty installed magnetic sensor
arrays. Two types of notches were machined in thgglibne specimens to introduce local
stress concentration. The variations of the MMM nalg during elastic and plastic
deformation during the loading process under dffiéistrength biasing magnetic fields were

investigated. Tests were also carried out on a pipde from one of the materials in four



point bending in order to investigate whether samiéffects were seen in geometries more

representative of industrial practice.

2. Experimental set-upsand samples
2.1. Specimen preparation

Samples were prepared from three different gradels80 alloy steel [39], which are
commonly used for pipelines in the petrochemicaustry, and from 20 other structural
steels [40-45]. The chemical composition and meicla&properties of these steels are shown
in Table | and Table Il in the Appendix, respediyvéhe 5 mm thick, flat, dog-bone shape
specimens were machined from pipes of various diemmend wall thicknesses or plates of

various lengths and widths, with the dimensionsashm Fig. 2.
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FIGURE 2. Geometry and dimensions of the dogbone specimats{umm).

One 450 mm long pipe specimen was prepared fouradoint bending test. The material

of the pipe specimen was 4140-L80 with outer di@mé0.32 mm and wall thickness 4.83

mm.

2.2. Experimental instrumentation

An Instron 1185 testing machine, whose load ersot0.5%, was used to carry out the
tensile tests on the dog-bone specimens and anesto 100 kN FS machine was used to
carry out the four point bending test on the pipecamen. To reduce the influence of
surrounding ferromagnetic materials, the specimi@amgs for the tensile test and the loading

cells for the bending test were made of non-magrstéiinless steel.



The normal and tangential components of the sirekszed RMLF, which are known as
the MMM signal, were measured by two permanentiyalled magnetic sensor arrays. Each
magnetic sensor array consists of 16 channels ff®alachannels and 8 tangential channels)
of AMR sensors AFF755B, whose resolution is 0.0086n and sensitivity is 15
(mV/IV)/(kA/m) [46].

For the dog-bone samples, two linear AMR sensayarwere fixed on the sides of the
specimen surface to isolate magnetic fields origimgainside the specimen. The 16 channels
of AMR sensors were labeled 1 to 16 and fixed oo 8D printed ABS plastic sensor
holders, as shown in Fig. 3. The tangential magni¢ld sensors were marked by odd
numbers (blue colour), while the normal ones weagked by even numbers (orange colour).
Here, the “normal magnetic field” component is Ire tdirection normal to the specimen
surface, while the “tangential magnetic field” i$ the direction parallel to the specimen
surface in the length direction of the sample. Téwegential and normal magnetic field
sensors were placed alternately in the length tiinecThe designations f and b represent the
front face and back face, respectively.

Two ring AMR sensor arrays were fixed on the owerface of the pipe specimen, as
shown in Fig. 4. The tangential magnetic field sessvere marked by odd numbers (blue
colour), while the normal ones were marked by emembers (orange colour). Here, the
“normal magnetic field” component is in the directinormal to the pipe surface, while the
“tangential magnetic field” is in the direction pHel to the specimen surface in the axial
direction of the pipe. The tangential and normalgneic field sensors were placed

alternately in the circumferential direction.
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FIGURE 3. (a) Photograph and (b) schematic diagram of thégumation of two AMR sensor arrays. The
tangential magnetic field sensors were marked lyragnbers (blue colour), while the normal ones were
marked by even numbers (orange colour) in (a).ddségnations f and b represent the front face aic#f face
of the sample, respectively.

Pipe specimen

B Tangential sensors I Normal sensors

FIGURE 4. Schematic diagram of the configuration of the WdgR sensor arrays. The tangential magnetic
field sensors were marked by odd numbers (blueucplavhile the normal ones were marked by even rarsmb
(orange colour).

An electrical circuit was designed to control tteechannels of AMR sensors, as shown in

Fig. 5. In Fig. 5, the shape of the AMR sensoryarean be either linear or ring and the



corresponding specimen is either a dog-bone saorgige sample. The AMR sensors were
powered by a constant voltage power supply. Thetipheker, which consists of 4x16
channels, was divided into two groups and controllg a Pico data logger to switch the
differential outputs of the AMR sensors into a twbannel amplification circuit. The
amplified voltages were captured by the Pico daggér and then sent to a PC for post

processing.

[\

PC _ Two channel
lg'ata gailcqullSltIOn amplification
(Pico data logger) l circuit

1 2

Voltage

Multiplexer
power
supply

AMR sensor array | ——— |

,,,,,,,,,,,,,,,,,,, ISpecimen
S bl bl b 1l b b 1

i AMR sensor array 2 |

)

FIGURE 5. Schematic diagram of hardware circuit.

3. Experimental procedure

Five experiments were conducted in this study.tliyirene 4140-L80 dog-bone specimen
was chosen to study the elastic magneto-mechaeifesdt described by Jiles and Atherton
[13,14]. Secondly the strength of the plastic magymeechanical effect on three kinds of L80
dog-bone specimens was checked under plastic defiorm Next, two types of notches were
machined on 4140-L80 dog-bone specimens in ordenvistigate whether the effects were
stronger in the presence of localized change ofstire that would be of interest to detect.
Some pipelines are routinely inspected by 'piggusihg the magnetic flux leakage (MFL)
technigue and this leaves significant remnant mi@gpteon [47]. It was therefore also of
interest to investigate whether the presence omhasinmagnetization affected the MMM

measurements.



It should also be remembered that the geometrjhefdog-bone sample used should
produce a stronger MMM signal than would be obs#rvea pipe specimen for the same
level of applied stress. This is because one weyftect the magnetic return path in a pipe
geometry to reduce the amount of magnetic flux dgakwhen compared to the dog-bone
sample shape. Therefore, a four point bendingwest carried out on a pipe specimen to
study the elastic magneto-mechanical effect.

These experiments were carried out at room temyrerand in the presence of the Earth’s
magnetic field (horizontally northward 15.12 A/mdanertical component perpendicular
down to the Earth’s surface 35.81 A/m). Beforeitgstall the specimens were demagnetized

by a Magnaflux L-10 coil to eliminate any magneti@a generated during machining.

3.1. Magnetization change under elastic load

To study the elastic magneto-mechanical effect,1404.80 dog-bone specimen was
loaded to 250 MPa (about 45% of the yield strendtigtead of loading the specimen direct
to 250 MPa, the load was increased in three steps:

(1) Two load and unload cycles from 0 to 100 MPthweadings taken at 10 MPa steps,
without demagnetizing between cycles.

(2) Two load and unload cycles from 0 to 180 MP#hweadings taken at 10 MPa steps,
without demagnetizing.

(3) Two load and unload cycles from 0 to 250 MP#hweadings taken at 10 MPa steps,
without demagnetizing.

By increasing the load in steps, the magnetizativenge due to first loading cycle and
further cycling at the same stress level can bariglalistinguished. Two linear AMR sensor
arrays as shown in Fig. 3 were fixed on both siglethe dog-bone specimen using brass

screws. The lift-off distance between AMR sensoid the specimen surface was 1 mm.

3.2. Magnetization change under plastic load

10



Three types of L80 dog-bone specimens were used stiedy the plastic
magneto-mechanical effect based on the mechanigpégies given in Table 2:

(1) 4140-L80 cycled up to 20% strain in 5% stepgheut demagnetizing.

(2) 9CR-L80 cycled up to 0.5% strain in 0.1% stepthout demagnetizing.

(3) 13CR-L80 cycled up to 0.5% strain in 0.1% stegthout demagnetizing.

The MMM signal was measured by the same linear A8éRsor arrays simultaneously
when applying the load. To measure the strain, &itain gauges were used to make a
Wheatstone bridge. One strain gauge was attachetieospecimen surface and the other
three were used as references. A photograph oAMB sensor array and strain gauge

configuration is shown in Fig. 6.

NP

FIGURE 6. Photograph of AMR sensor array and strain gaugégwumation for plastic tests.

3.3. Notched samples

In order to produce local stress concentrationrdutbading, two types of notches were
machined in the center of two 4140-L80 dog-boneispens labeled A and B, respectively.
Specimen A was machined with two semi-cylindricalames on the face surfaces, as shown
in Fig. 7(a). Specimen B was machined with two seytindrical notches on the side
surfaces, as shown in Fig. 7(b). The dimensiorte@hotches are listed in Table 1.

11



(@) A / (b) B
5 mm 5 mm

FIGURE 7. Schematic diagram of two types of notches in #h#ar of 4140-L80 dog-bone specimens. (a)
Notches on face surfaces of specimen A and (bheston side surfaces of specimen B.

TABLE 1. Dimensions of two types of notches.

Notch type  Notch diameter (mm) Notch depth (mm)
Specimen A Face-notched 2 1

Specimen B Side-notched 8

The MMM signal from the notched samples was measusing the same linear AMR
sensor arrays as already described, in the follgpwiaps:
(1) Demagnetize the dog-bone specimen.

(2) Measure the MMM signal with no load at differéavels of biasing magnetic field,

which was generated by a Helmholtz coil, as showirig. 8. The Helmholtz coil, with a

diameter of 300 mm, was placed horizontally anthenEast-West direction.

(3) Demagnetize the specimen.

(4) Increase the load in 50 MPa steps to a nonamatage stress of approximately 600
MPa and then unload in 50 MPa steps. Take magmetasurements at each load step.

(5) Demagnetize the specimens.

(6) Repeat the measurement of the MMM signal wdHaad at different levels of biasing

magnetic field.

12



FIGURE 8. Helmholtz coil generates different levels of maggagion.

3.4. Side notched sample with remanent magnetizatio

The same side notches as shown in Fig. 7 (b) washimed on a new 4140-L80 dog-bone
sample labeled as "C". To study the influence ofarent magnetization on the MMM signal,
the sample was demagnetized and then put into anetiagng solenoid coil to obtain a
remanent magnetization of approximately 300 A/nthi@ sample. The solenoid coil, which
has a diameter and length of 65 mm and 330 mm cégply, is constructed from 1000 turns
of 28 gauge, insulated copper wire. The DC rest&taf the solenoid coil was 1%Y +/-5%.
After magnetization, the dog-bone sample was loadd®d MPa steps to a nominal average
stress of approximately 600 MPa and then unloaded50 MPa steps. Magnetic

measurements were taken at each load step.

3.5. Magnetization change of pipe sample undeuagoint bending test

A four point bending test was performed on a pipecsnen to study the stress-induced
RMLF in the magnetic return path of a pipe geometrgchematic diagram of the four point
bending test is shown in Fig. 9. The span distantés, L, andL3 are the samed_(= L,=
L3=100 mm). To reduce stress concentration at théigapoints, four aluminum sheets (4
mm thick) were inserted into the contacting aretavben the rollers and the pipe sample. One

pair of strain gauges (pair 1) were placed in tbeter part of the pipe sample, with one on the

13



top and the other one on the bottom; another gastrain gauges (pair 1) were placed near

the left supporting roller.

Loading rollers

Ls

Cross-section view

Pipe sample

AMR sensor
array Center line

Supporting rollers

Base

=== Aluminum sheet == Strain gauges
FIGURE 9. Schematic diagram of the four point bending test.L,= L;=100 mm, and the maximum force
loaded at each roller is 50 kN.

The flexural stress in the four point bending tesh be estimated from simple beam
theory [48], the maximum stress when a 50 kN load applied at each loading roller being
462 MPa.Instead of loading the specimen direct to this mmaxn stress, the load was
increased in three steps:

(1) Two load and unload cycles from 0 to 154 MPthweadings taken at 10 MPa steps,
without demagnetizing between cycles.

(2) Two load and unload cycles from 0 to 308 MPthweadings taken at 10 MPa steps,
without demagnetizing between cycles.

(3) Two load and unload cycles from 0 to 462 MPthweadings taken at 10 MPa steps,
without demagnetizing between cycles.

By increasing the load in steps, the magnetizatimange due to the first loading cycle and
further cycling at the same stress level can barlglalistinguished. Two ring AMR sensor
arrays as shown in Fig. 4 were fixed on the outefase of the pipe specimen using brass

screws. The lift-off distance between the AMR sessmd the pipe surface was 1 mm.

14



3.6. Tests on wider variety of steels with sidechet

Having completed the extensive tests above on 4880steel, a representative test was
then carried out on a further 20 steels in ordeset® whether the same trends were seen. The
same side notches as shown in Fig. 7(b) were maghimdog-bone specimens made from
these steels. The notched samples were tested foltbwing steps:

(1) Demagnetize;

(2) Increase load in steps<{5% yield strength) to a nominal average stress of
approximately 10% above the yield stress yieldngjtie and take magnetic measurements at

each load step;

(3) Unload in steps£5% vyield strength) and repeat magnetic measurena¢e&ch step.

4. Experimental resultsand analysis
4.1. Magnetization measurement under elastic load

Our goal was to selectively measure the magnegid foroduced by sources inside the
specimen by suppressing the magnetic field origigarom external sources. Based on the
experimental results, it was found that the tangembagnetic field signal does not vary
significantly in the area tested, and so to sumreathe data for each loading test, the

tangential field data from each side of the sangleraged, as shown in Eq. (1).

Hugrgonga= 2 * 2 )

tangential™ nymber of tangential sensc

The normal field varies approximately linearly ajatie length direction and is strongest
towards the ends of the sample as expected; thmahdield data from the 4 outermost
sensors is presented, as shown in Eq. (2). Thealdieid measured by sensors closer to the
specimen centre show small variations during tlaliltg process; data from these sensors

have lower SNR and are therefore not used in thimsary data.

15



To present the experimental data more clearlyrdlaedata was compressed according to
Egs. (1) and (2). After this, the magnetizationrgeduring six load cycles can be obtained.
It was found that the results on repeat loadindesyto the same maximum load were almost
identical to those of the first cycle. The soliddadashed lines indicate the loading and
unloading steps, respectively. An irreversible d®is seen in initial loading to a given load,
while subsequent unloading and reloading givesrsise changes. This finding on the
elastic magneto-mechanical effect is completelysstant with that obtained by Jiles and

Atherton [13,14], but the effect is small (aboutA®n maximum compared with the Earth’s

H

magnetic field ~40 A/m).
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FIGURE 10. (a) Tangential and (b) normal magnetic field cleanfj4140-L80 dog-bone sample measured

during elastic testing. The solid and dashed lindgate the loading and unloading steps, respelgtiv
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4.2. Magnetization measurement under plastic load

The raw data of magnetization change during plassts was compressed according to
Egs. (1) and (2). The curves from repeat measurenagithe same strain level were averaged
due to the small signal levels. The magnetizatibange for the 4140-L80 sample during

plastic deformation is shown in Fig. 11.
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FIGURE 11. (a) Tangential and (b) normal magnetic field cleanfj4140-L80 sample measured during plastic

deformation.

It can be seen that the profile of the tangentiagnetic field is similar to that of the
normal magnetic field. Likewise, the tangential amarmal magnetic fields have similar
profiles for the 9CR-L80 and 13CR-L80 samples, pktieat the signal amplitude is different.
Due to the limited space available on the sampftiase with the AMR sensors used, only the
normal magnetic field was measured for the other samples, and is shown in Fig. 12.
From Fig. 11 and Fig. 12, it can be seen that tress history affects the MMM signal, but
the effects are small in these materials (abou@@®/m compared with the Earth’s magnetic
field of ~40 A/m in the lab), and the plastic defation tends to reduce the MMM signal.
The results show no evidence of the cumulativeceflee to cyclic plastic strain reported by

Dubov [6]. In this experiment, the plastic strasressentially uniform along the sample length

17



direction. Therefore it was decided that localiatichin deformation would be introduced in

the next stage of the experiments to further clieelplastic magneto-mechanical effect.
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FIGURE 12. Normal magnetic field change of (a) 9CR-L80 and1®CR-L80 samples measured during
plastic deformations.

4.3. Magnetization measurement of notched samples

By localizing the plastic strain the localized matimation becomes easier to detect
through the resulting RMLF. Figure 13 presentsdkperimental results of the face notched
sample at different biasing magnetic field befoetny loaded. The variation of the normal
magnetic field at different axial positions is muciore obvious than that observed for the
tangential magnetic field. Therefore, only the nafireld is presented in further results.

The magnetic signal of interest in Fig. 13 is sunwed by incoherent noise which makes
analysis of the correlation with the controlledubparameters difficult. A matched filter was
therefore proposed which takes advantage of th&a-gnowledge of the system, in order to
suppress the noise that does not match the expeebaior of the signal. One must note the
limitations of this approach, in that noise thattchas the expected behavior of the signal
will pass through the filter, and it is only apglide to simple situations with a known

specimen geometry and loading process. The filegrssare outlined below:
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(1) The general slope of the data was removed iasighonly related to the specimen

geometry.

(2) The average value of the field was subtracésdthe normal magnetic field on the

specimen surface should have odd symmetry witméskiang average.

(3) The normal magnetic field data equidistant fritme sample center were averaged with

an inverted sign as the normal field produced bgme&zation exhibits odd symmetry about

the specimen center (due to the alternation ofcadjanormal and tangentially oriented

sensors, there was an offset equal to the arrah petween sensors above and below the

sample center).
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FIGURE 13. Magnetic field measurement of face notched samptifferent magnetization levels. (a) Normal
magnetic field and (b) tangential magnetic field.

19



The peak to peak amplitude of the filtered magnfic was then calculated on sensors
6-12, as these sensors were closest to the notshoag in Fig. 3. After data processing,
comparison of the peak to peak value of the normagnetic field perturbation under
different biasing magnetic fields can be obtained oth types of notched specimens, as
shown in Fig. 14. The average value was subtraagdtie expected normal magnetic leakage
field caused by magnetization inside the specingrzaro. The cross markers are the
measured data points and the solid line is thedfitine based on linear regression. As
expected, the perturbation generated by the nstphoportional to the applied field, but it is
much smaller in magnitude than the applied fielde Test was repeated after the samples had
been loaded to a nominal average stress of 600 BRAit was observed that the effect was
increased but was still relatively small.
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FIGURE 14. Comparison of peak to peak amplitude of the nommagnetic field perturbation from notches as
a function of external bias field for (a) the fawtched specimen and (b) the side notched specimen.

Figure 14(a) shows that the slope of the fittedresrincreases from 8.5% (before load) to
16.1% (after unloading from 600 MPa) for the faa#ched specimen, while for the side
notched specimen the slope increases from 2.3%ripdbad) to 20.6% (after unloading
from 600 MPa), as shown in Fig. 14(b). It can bens¢hat the plastic deformation and
residual stress around the notches after loaditignerease the remanent flux leakage. The
effect of side notches is larger than that obsefeedace notches. This is because the side
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notches have a larger magnetization concentraéogth (8 mm) in the length direction of
the sample, compared with that of face notchesr{®,rand the spatial resolution of normal
magnetic sensors is 20 mm. Therefore the currenRAddnsor arrays can capture larger
RMLF signal for side notched samples than facehemtsamples.

The notched dog-bone specimens were also loadedrdadded in 50 MPa steps. Figure
15 shows the normal magnetic field of the face medcspecimen at different loading and
unloading steps, where the solid and dashed lingisdte the loading and unloading steps,

respectively.
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FIGURE 15. Normal magnetic field measured at different logdimd unloading steps of face notched sample.
The solid and dashed lines indicate the loadinguanidading steps, respectively.

The normal component of magnetic field was useddfda post-processing by using the
filter steps 1-3 outlined previously. Here, theadftom the original zero load case was
subtracted from all other load cases, so thateh®ming magnetic field profiles are only due
to stress-induced magnetization. The comparischeofiormal magnetic field profiles of the

two types of specimens during the loading and uhit@asteps is shown in Fig. 16.
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FIGURE 16. Comparison of peak to peak amplitude of the nommdinetic field during loading and unloading
steps for (a) face notched specimen and (b) sitihad specimen.

When applying the load, plastic deformation anddres stress were generated around the
notches. We have confirmed the presence of resisimasses of the order of 200 MPa
predicted by finite element (FE) simulations viautnen diffraction measurements [49].
Figure 16 indicates that there is a measurableteffeit again it is very small (about 6 A/m
maximum compared with the Earth’s magnetic field ~A0mn) and does not vary
monotonically with load. Further tests on differesgmples have shown that the MMM
signals detected are fairly reproducible for edtbyayrade tested. The results presented here

show no evidence of a cumulative plastic magnetohaeical effect.

4.4. Magnetization measurement of side notched Eawith remanent magnetization

Figure 17 presents the normal magnetic field resaflthe side notched sample during the
loading and unloading process, where the solid deghed lines indicate the loading and
unloading steps, respectively. The dashed linesoaeglapped because the magnetization

change during unloading process is small.
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Based on the matched filter outlined previouslg, thw data of the normal magnetic field
was processed. The relationship between the magtieti change and loading steps was

calculated, as shown in Fig. 18.
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It can be seen that the remanent magnetizatiorbbes significantly decreased with a
small applied stress (about 150 MPa). Plastic dedétion generated by the notches has a

relatively small effect on the MMM signal, as delsed in the previous section. During the
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unloading process, there is a small increase innbwenal magnetic field signal with
decreasing load. Plastic deformation does not deewuild up a cumulative magnetization;

rather, it tends to erase the magnetic memory.

4.5. Magnetization measurement of pipe sample uadeur point bending test

Based on the experimental results, it was found tthex tangential magnetic field signal
does not vary significantly in the area testéd.order to suppress the magnetic field
originating from external sources and summarizeddita for each loading test, the averaged
tangential magnetic field data from the whole ainéerential direction of the pipe specimen

is presented, as shown in Eq. (3).

_ D(H,-H,)(n=13..,31)

H_ = .
tangential average  nmper of tangential sensc

3)

where H_, is the initial tangential magnetic field.

The normal field almost varies approximately sindally along the circumferential
direction of the pipe specimen. To average the abrmmagnetic field, three steps were used
as follows:

(1) The initial normal magnetic field was subtratctas this is related to the remnant
magnetization.

(2) The sum values of the top normal sensoilf,l—(mp) and bottom normal sensors (
D" Hyoom ) Were calculated, respectively.

(3) The averaged normal field is obtained by

H Z Htop B Z H bottom (4)

normal averagé” nmber of normal sensa

To present the experimental data more clearlyrdlaedata was compressed according to
Egs. (3) and (4); after this, the magnetizationngieaduring six load cycles can be obtained.

It was found that the results on repeat loadindesyto the same maximum load were almost
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identical to those of the first cycle. Therefordyothe average results are presented in Fig. 19,
the arrows indicating loading or unloading. An weesible change is seen in initial loading to
a given load, while subsequent unloading and réhgadives reversible changes. However
the effect is small (about 25 A/m maximum compangth the Earth’s magnetic field ~40

A/m).
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FIGURE 19. (a) Tangential and (b) normal magnetic field clenfpipe sample measured during bending test.

The dog-bone sample should produce a stronger MiMgiatthan the pipe specimen for
the same level of applied stress, but Fig. 19 shbatsthe magnetization change of the pipe
specimen is about 25 A/m under 250 MPa stress,ewthi# magnetization change of the
dog-bone specimen is 10 A/m under 250 MPa stresfi@asn in Fig.10. The reason for the
larger magnetization change of the pipe specimetuésto the influence of the Testometric
machine. There are two support arms of the madheteare made of ferromagnetic material.
The gap between the pipe specimen and the armmad gabout 25 mm) so the pipe
specimen was in the magnetic return path and tteered bias magnetic field was reinforced,
which caused a larger magnetization change undesaime level of applied stress [13].

The MMM technique has been implemented as a perisclieening inspection tool and

reported to be capable of measuring stress comtiemtrand detecting defects. However,
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these results indicate that it will not be a useédhnique in practice in the field for these
steel alloys.
4.6. Variety of steels with side notches

Since complex tests conducted on full-scale pipeslyced very similar results to those
obtained by much simpler means on simple, smallhinad specimens, it was decided to
investigate whether the cumulative magnetoplastectcould be found in other materials on
the side-notched dog-bone specimen shown in Flg. with dimensions listed in Table 1.

Specimens of each of 20 structural steels wereapeepand loaded and unloaded in steps (

5% yield strength). The normal component of magniéld was processed using the filter
steps 1-3 outlined previously in Section 4.3. Feglié shows that the peak to peak amplitude
of the magnetic field varies with load and thisaéior behavior was seen in the tests on all the
steels. Table 2 shows the maximum peak to peakitmplfor each steel; from Fig. 16(b),

this is 5.2 A/m for the 4140-L80 steel.

TABLE 2. Maximum magnetization change during loading andadiing of different steels.
Steel type  Amplitude of magnetic field (A/m)  Steel type ~ Amplitude of magnetic field (A/m)

1.0570 5.5 708M40 6.8
1.2083 4.2 EN9 8
1.2312 13 EN32 6.5
1.2343 14 EN42 8
1.2363 9 EN43 5.3
1.2379/D2 7.3 EN45 6.4
1.2436 8.7 EN47 8.4
1.2510/01 10.1 S275 4.8
1.2767 10 S355J2+N 6
1.7131 6 X65 6.2
4140-L80 5.2 13CR-L80 19.3
9CR-L80 21

Table 2 indicates that there are measurable MMMcesf of the steels tested, but again
they are very small (up to about 21 A/m maximum pared with the Earth’s magnetic field
~40 A/m). The results presented here also show ndeese of a cumulative plastic

magneto-mechanical effect on different steels teste
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5. Discussion

The primary question this study raised was whethermagnetic memory exhibited by
common Grade L80 pipe steels and other structaealss conforms to the relatively weak
magneto-mechanical effect predicted by Jiles andeon [13,14] or to the empirical
observations of a stronger cumulative magnetol&stect reported by Dubov [6] and others.
Both effects occur in the presence of weak extemagnetic fields such as the natural
geomagnetic field (30-50 A/m). In the case of theellwunderstood ordinary
magneto-mechanic effect, application of stressddndelease the pinned domain walls and
thereby diminishes the magnetic hysteresis. Theddeto an irreversible change of
magnetization towards the anhysteretic equilibrinnthe material at the prevailing external
magnetic field level. This irreversible change todgathe anhysteretic equilibrium value
could be either positive or negative dependingheaninitial magnetization. If the material is
in a demagnetized initial state, the change of reagation will be positive, i.e., in the
direction of the external magnetic field, because ftinitial magnetization curve of
ferromagnetic materials always lies below the atdrgsic curve [50]. Movement of pinned
domain walls is similar to dislocation motion ungiéastic deformation, but we will reserve
the term “plastic” change to irreversible mechahaformation. Most of the irreversible
change of magnetization occurs in the first cycdelomding. However, the anhysteretic
magnetization is also slightly stress dependentalmz of domain-wall bending, a
phenomenon analogous to dislocation bending dwefastic mechanical deformation, which
leads to relatively small reversible changes of megigation during the following cycles.

Let us consider cycling at the same stress levedaaer shown in Fig. 1. Regardless
whether the first cycle is purely elastic or pdlyiglastic, it is the only one that causes
relatively large irreversible changes in magnetirat Subsequent fully elastic cycles cause

only small reversible changes in magnetization daethe stress-dependence of the
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anhysteretic magnetization curve. If the peak sttegel is increased at a given point during
cycling, the immediately following next cycle witict as a new “first” cycle at that peak
stress level and likely cause significant irrevaliesichanges in magnetization. Further cycles
up to the previous peak stress level are fullytelasd cause only relatively small reversible
changes in magnetization. It is worth citing whatzBrth wrote about this critical issue in his
seminal monograph on ferromagnetism [51]: “Whennia@netic field) is applied first and
maintained constant, successive applications alehse of sigma (stress) cause unequal
changes in B (flux density) until the process hesrbrepeated a number of times, thus for the
‘cyclic state' the change in B produced by thesstig often considerably less than for the first
application of the same stress.”

As described by Dubov [5,6], the so-called Metalgkietic Memory method is based on a
much stronger cumulative process of “self-magn&tna in ferromagnetic bodies. Such
self-magnetization occurs when the strain-inducedgmetization due to the inverse
magnetostrictive effect (also known as Villari etleis much stronger than the weak external
magnetic field. Although there is little doubt tr@mtmulative self-magnetization can occur in
ferromagnetic materials when exposed to cyclic wheédion in the presence of a weak
external magnetic field, very little is known iretlscientific literature about the magnitude of
this “magnetoplastic” effect in engineering matksriauch as commonly used pipe steels.
There is plenty of evidence that the Metal Magn&liemory method can be exploited for
flaw detection when it is used just like any othesidual magnetic flux leakage technique to
detect surface-breaking cracks or subsurface anglsatiow depths, though its selectivity is
guestionable as there are many competing influencethe magnetization of the material
[52-54]. However, the use of this NDE method foratitative materials characterization
crucially depends on whether a cumulative procdsseti-magnetization occurs in typical

engineering materials, such as pipe steels, ae gt is highly relevant from the points of
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view of both scientific research and engineeringliaptions. The principal experimental
results presented in Figs. 10-12, 18, and 19 gleknonstrate that the behavior of the three
common Grade L80 pipe steels (4140-L80, 9CR-L8CH-2.80) and twenty other structural
steels tested in our study conforms to the weaknet@gmechanical effect predicted by Jiles
and Atherton [13,14] and showed no indication & tumulative magnetoplastic effect that
is required for the MMM as described by Dubov ettalbe capable of reliably detecting
small area of stress concentration. Distinguishibgtween these two competing
magnetization mechanisms is rendered easy and woeql by the fact that in the former
case cyclic loading erases rather than builds eprtAgnetic memory. In this study, the stress
concentration is due to geometrical wall thinnihgttwould occur due to corrosion or erosion;
it may be that other mechanisms such as fatigueimajve local dislocation enhancement
or porosity, which act as local pinning points ®lioch wall movement [55]. These local

pinning points are magnetic dipoles which may iaseeself-magnetization.

6. Conclusions
The magneto-mechanical memory (MMM) signal on thdaxes of L80 and 20 other
structural steel specimens was recorded by AMRearsays. The results show evidence of
the residual magnetic leakage field (RMLF) signaé do applied load and the presence of
notches as would be expected. A matched filter apgdied to the results in order to extract
the small perturbation on the magnetic signal. iaén conclusions are:
» The stress history affects the MMM signal, but #ffects are small in the steel samples
tested.
* An irreversible change is seen in the initial etagbading to a given load, while
subsequent unloading and reloading at the samdicelstsess level gives reversible

changes.
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* There is no evidence that plastic deformation lsuild a cumulative magnetization; rather,
it tends to erase the MMM signal.

» The perturbation of the magnetic signal due to megowithout load is proportional to the
applied magnetic field. Plastic deformation andicesl stress generated around the
notches after loading will increase the remanent lkakage, but it remains small.

The results presented here showed no indicaticheotumulative magnetoplastic effect
that is required for the MMM as described by Dulevwal. to be capable of reliably detecting
small areas of stress concentration. These obsamgaguggest that the MMM effect is very
small in the different grades of L80 pipeline steahd other structural steels that have been
tested and it will not be a useful technique incpice in the field for these steel alloys.

Naturally, the absence of evidence for cumulativegnetization upon cyclic loading in
our results does not constitute evidence of abs@mogeneral. Because of the obvious
advantages of an NDE inspection method based onlatine self-magnetization over other
potential NDE methods available for assessmenewfaining strength and service life, the
NDE community cannot afford to give up on an oppoity like this. When a cumulative
increase of RMLF is detected, special care willen&w be taken to ascertain whether the
effect is caused by increasing self-magnetizaticth@ material or ordinary residual magnetic
flux leakage caused by the nucleation and growtbtloérwise undetectable microcracks. The
influence of fatigue cracks (microcracks and maracks) on the MMM signal will be
studied in further work. The 23 steels tested faeethe start of an open data base and we
encourage other researchers working in this fiela¢dntribute their results in the hope of
establishing the specific conditions (alloying, fmn microstructure, hardness, etc.) under
which the Metal Magnetic Memory method based onumdative magnetoplastic effect
might be used reliably for quantitative materiddsu@cterization or, if that turns out to be not

feasible, at least for pre-screening before mophisticated inspection.
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Appendix
The purpose of this appendix is to show the detailkeemical composition and mechanical
properties of the steels used in the tests. Thamagnetic measurement data shown in Table

2 will be included in the electronic appendix ugoublication.
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TABLE I. Chemical composition of steels used in this papeeg) [39-45].

C Mn Mo Cr Ni Cu P S Si other
4140-L80 0.38~0.43 0.75~1.0 0.15~0.25 0.8~1.1 =0.25 <0.25 =0.025 <0.025 <0.35 <0.3 Al<0.04
9CR-L80 <0.15 0.3~0.6 0.9~1.1 8~10 <0.5 <0.25 =0.02 <0.01 <1 - -
13CR-L80 0.15~0.22 0.25~1 - 12~14 <0.5 <0.25 =0.02 <0.01 <1 - -

1.0570 <0.20 1~1.6 <0.08 <0.3 <0.3 - <0.035 =<0.035 <0.55 0.02~0.15 -
1.2083 0.36~0.42 <1.00 - 12.5~14.5 - - <0.03 <0.03 <1.00 - -
1.2312 0.35~0.45 1.4~1.6 0.15~0.25 1.8~2 - <0.03 0.05~0.1 0.3~0.5 - -
1.2343 0.36~0.42 0.3~0.5 1.1~1.4 4.8~5.8 - <0.03 <0.03 0.9~1.2 0.25~0.5 -
1.2363 0.95~1.05 0.4~0.8 0.9~1.2 4.8~5.5 - <0.03 <0.03 0.1~0.4 0.15~0.35 -
1.2379/D2 1.45~1.6 0.2~0.6 0.7~1 11~13 - <0.03 <0.03 - 0.7~1 -
1.2436 2~2.3 0.3~0.6 - 11~13 - - <0.03 <0.03 0.1~0.4 - W 0.6~0.8
1.2510/01 0.9~1.05 1~1.2 - 0.5~0.7 <0.3 - <0.035 <0.035 0.15~0.35 0.05~0.15 W 0.5~0.7
1.2767 0.4~0.5 0.2~0.5 0.15~0.35 1.2~15 3.8~4.3 <0.03 <0.03 0.1~0.4 - -
1.7131 0.14~0.19 1~1.3 - 0.8~1.1 - - =<0.025 <0.035 <0.4 - -
708M40 0.36~0.44 0.7~1 0.15~0.25 0.9~1.2 - <0.035 <0.04 0.1~0.35 - -
EN9 0.5~0.6 0.5~0.8 - - - - <0.06 <0.06 0.05~0.35 - -
EN32 0.1~0.18 0.6~1 - - - - <0.05 <0.05 0.05~0.35 - -
EN42 0.7~-0.8 0.55~0.75 - - - - <0.05 <0.05 0.1~-0.4 - -
EN43 0.45~0.6 0.6~0.8 - - - - <0.05 <0.05 0.1~0.4 - -
EN45 0.5~0.6 0.7~1 - - - - <0.05 <0.05 1.5~2 - -
EN47 0.45~0.55 0.5~0.8 - 0.8~1.2 - - <0.06 <0.06 <0.05 =0.15 -
S275 <0.25 <1.6 - - - - <0.04 <0.05 <0.05 - -
S355J2+N <0.2 <1.6 - - - - <0.025 <0.025 <0.55 - -
X65 0.04~0.16 1~1.6 - - - - <0.035 <0.035 <0.55 - -
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TABLE Il. Mechanical properties of steels used in this pg@&#5].

Steel Yield strength (MPa)  Ultimate strength (M Pa)

4140-L80 552 689
9CR-L80 552 655
13CR-L80 552 655
1.0570 345 470~630
1.2083 486 495
1.2312 620 859
1.2343 350~550 650~880
1.2363 450 750
1.2379/D2 550 850
1.2436 450 860
1.2510/01 597 668
1.2767 645 880
1.7131 420 550
708M40 525 775~925
EN9 355 700
EN32 330 430
EN42 483 924
EN43 325 618
EN45 376 615
EN47 368 852
S275 275 410
S355J2+N 355 470~630

X65 448 530




Stress history affects the MMM signal; the effects are small in L80 material s tested.

Significant irreversible change aways occurs only in the first loading cycle.

No evidence that plastic deformation builds up a cumulative magnetization.

The MMM effect isvery small in the L80 aloy and structural steel samples tested.
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