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There is a need in industry to supply safe, economical, and reliable techniques to characterize surface treatments such as case hard-
ening and peening of steel components and structures, both at the manufacturing stage and in service. Magnetic Barkhausen emission
(MBE) has proved successful for these tasks, but has severe limitations in terms of measurement depth of the technique and deeper treat-
ments such as laser peening and case hardening often fall outside the scope of MBE inspection. The domain wall motion that generates
MBE also causes a release of elastic energy known as magneto-acoustic emission (MAE), which has a much greater measurement depth,
and so offers a complementary technique to extend the measurement depth for the characterization of surface treatments in steel. In
this paper, comparative MBE and MAE results from case hardened En36 gear steels are presented in the form of signal profiles and
correlations are drawn between MBE and MAE profile features and domain activity within the soft core and the case hardened layer.
The results show that the overall amplitudes for both MBE and MAE exhibit a good correlation with case depth, but profile analysis for
MAE is ambiguous, so possible interpretations of the MAE profile are discussed.

Index Terms—Case depth, case hardening, En36 steel, magnetic Barkhausen emission, magneto-acoustic emission, nondestructive
evaluation, tempering.

I. INTRODUCTION

M AGNETIC BARKHAUSEN EMISSION (MBE) has
proven to be a useful and convenient tool in the quantifi-

cation of microstructural changes and stresses in ferromagnetic
materials, but the technique is limited by its low measurement
depth. This is especially important for potential industrial
applications where measurement depth is a critical factor such
as case hardening, which can extend to several millimeters
and the quantification of peening treatments, especially laser
peening, which can introduce a compressive layer with a depth
in excess of 1 mm.

The limiting factor for MBE is the attenuation of the signal
source by eddy currents as it propagates through the material,
leading to a maximum measurement depth of around 1 mm
[1], [2], depending on excitation frequency, analysis frequency
range, and material properties. The motion of certain domain
configurations (non-180 walls) produce an acoustic pulse,
known as magneto-acoustic emission (MAE) [3]–[10], which
propagates through the whole test piece unimpeded by eddy
currents, thus the measurement depth for MAE is thought to
be much greater than for MBE. Consequently, MAE has the
potential to provide a complementary inspection technique
to MBE both in terms of measurement depth and in terms of
differing sensitivities to microstructural configurations.

The benefits of employing a combination of MAE and MBE
were first highlighted in the late 1980s by Buttle et al. [3], who
observed the complementary characteristics of the two tech-
niques in the quantification of heat treatment and stresses in
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4360 steel. The authors observed that a combination of MBE
and MAE data could be used to first determine the microstruc-
ture of the material under inspection and from this information
a suitable signal feature could be selected to quantify material
stresses, thus reducing the dependence on material specific cal-
ibration samples. The effect on both MBE and MAE of work
hardening of ferric stainless steels has been studied by O’Sul-
livan et al. [4], where MAE shows a greater correlation to hard-
ening than MBE. The work estimates the maximum measure-
ment depth in ferric stainless steel as 7–8 mm for MAE and 0.1
mm for MBE and as true hardness should be measured through
the bulk of the material, this discrepancy in measurement depth
is cited as the main cause of the difference in sensitivities of the
two techniques. The use of MAE to quantify complex internal
stresses on a car leaf spring has been studied by Tochilin et al.
[5], where MAE measurement depth is controlled by excitation
frequency variation and is presumed to correspond to the ap-
plied field skin depth, with the maximum measurement depth
quoted as 4 mm.

The measurement depth for MAE is often assumed to be pro-
portional to skin depth in a particular material [4], [5], which
could potentially equate to several centimeters, but the validity
of this assumption is questionable on several levels. First, the
validity of the skin depth formula for the low excitation frequen-
cies used for MAE inspection is questionable and the actual field
distribution is influenced by other factors such as the geometry
of the sample and the intensity of the applied field. Augusty-
niak et al. [6] explain the distribution of the flux in a particular
sample in terms of two factors; penetration: the flux reaching
the bottom of the sample straight through its thickness and flow
around: the flux concentrating in the surface layer of the material
en route to the bottom of the sample. The flux within the surface
layer can travel far with relatively little attenuation or phase lag,
whereas the subsurface regions suffer from increased screening
from the induced field. The flow around effect increases with
excitation frequency and also increases in narrower samples, re-
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ducing the field intensity in subsurface layers. Second, the inten-
sity of the induced field will decrease with depth in almost all
samples (a possible exception being samples with a change in
permeability with depth), so less MAE activity is expected in
subsurface layers and that activity may be masked by surface
activity. Third, the propagation characteristics of MAE are not
fully understood and are dependant on factors such as sample
geometry, material microstructure and sensor characteristics. In
order to fully understand the measured MAE signal, all these
factors must be taken into account.

This paper summarizes the results of an ongoing investigation
into the utilization of a combination of MAE and MBE to pro-
vide a case depth measurement system for En36 gear steel. The
aim of the project is to extend the current limit of around 1 mm
for case depth measurement using MBE to several millimeters
using complementary MAE data. MBE and MAE investigation
is undertaken using the established signal profile analysis tech-
nique [1]–[3] and an attempt is made to correlate signal strength
at a particular point in the excitation cycle with the spatial posi-
tioning of domain activity within the sample.

Some issues associated with system design and sensor selec-
tion are outlined in Section II, an investigation into the charac-
terization of heat treatment in 0.1% carbon steel is presented in
Section III, and an investigation into the characterization of case
hardening in En36 gear steel is presented in Section IV followed
by conclusions in Section V.

II. SYSTEM DESIGN, SIGNAL ANALYSIS,
AND SAMPLE SUMMARY

This section details the integrated MAE and MBE system and
signal processing techniques developed for the tests and pro-
vides a summary of the 0.1% carbon steel and En36 gear steel
samples used in the tests.

A. System Design and Signal Analysis

A block diagram of the system used in the tests is shown in
Fig. 1. The excitation waveform is provided by a function gen-
erator, with the excitation signal routed to a silicon-iron core
wrapped with an excitation coil, via a power amplifier. The
voltage applied by the function generator is recorded as a ref-
erence signal, as it provides an independent parameter which
is not influenced by changes in the magnetic properties of the
sample as the applied field or excitation current would be. The
core is mounted on the sample under inspection with no air gap
between the pole faces and the sample. MBE measurements are
made using a pickup coil interfaced to a PC data acquisition
card via instrumentation amplifier based signal conditioning cir-
cuitry. MAE measurements are made using a Physical Acoustics
u30 piezoelectric acoustic emission sensor routed to a PC data
acquisition card via a Physical Acoustics preamplifier. Data ac-
quisition is performed using LabView at a rate of 1 MS/s per
channel, with signal processing performed in Matlab. Software
filtering is used to separate the MBE signal from the low-fre-
quency envelope. Although this does decrease the achievable
signal-to-noise ratio for the MBE signal, it does allow greater
flexibility for signal analysis.

The pickup coil used in the tests is wound around a 2 mm
ferrite core and potted in a 22 mm diameter, 18 mm high cylin-
drical aluminium case, which provides some shielding from di-
rect fields from the excitation core. The coil has a resistance of

Fig. 1. Block diagram of integrated MBE and MAE system and profile gener-
ation process.

5.2 kHz, inductance of 880 mH, and a resonant frequency of
16.5 kHz. The number of turns in the coil is not known, but is
estimated to be in the order of several thousand.

Calculation of MBE and MAE signal profiles is outlined
in Fig. 1. Signals corresponding to ten excitation cycles are
recorded from the pickup coil and the piezoelectric acoustic
emission sensor along with the excitation voltage. The pickup
coil signal is filtered to separate the MBE from the low-fre-
quency envelope and the signal from the piezoelectric sensor
is filtered to remove any extraneous noise. Both signals are
rectified and signal profiles are calculated using a moving av-
erage technique. Signal profiles from several excitation cycles
are calculated; the results are averaged and plotted against the
recorded excitation voltage.

In order to eliminate the low-frequency envelope of the
pickup coil signal, an MBE high-pass filter frequency of 1
kHz was chosen for excitation frequencies of 1 Hz and above,
with a 300 Hz high-pass filter chosen for 0.2 Hz excitation.
As MBE is subject to eddy-current shielding which increases
with increasing depth, signal sources from domain activity
at a particular depth, propagating through the material to the
sensor at the surface are subject to an effect which is analogous
to the application of a low-pass filter with cutoff frequency
decreasing with increased signal source depth. So measurement
is confined to the near-surface layer and only lower frequency
sections of the signal contain information from the deeper
layers. As eddy-current shielding is governed by the skin depth
formula, maximum measurement depth for a high-pass
filter frequency is given by

(1)
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where, for En36 steel, magnetic permeability,
and conductivity, [2], giving

a maximum measurement depth of around 634 for the 1
kHz filter and 1.16 mm for the 300 Hz filter. As MAE is an
acoustic signal and therefore not subject to attenuation by eddy
currents, the theoretical measurement depth at a frequency of
2 Hz for example, is equal to the skin depth at 14 mm, but at
very low frequencies it is doubtful whether this holds true and
the actual field distribution is influenced by other factors such as
the intensity of the applied magnetic field and sample geometry.
The propagation characteristics of the signal, including sound
attenuation and reverberation from object boundaries [6] should
also be taken into account.

Signal profile analysis allows the intensity of the signal at dif-
ferent points in the excitation cycle to be studied. As Barkhausen
activity at different excitation voltages corresponds to different
microstructural and magnetic states of the material, the signal
profile can be used to draw inferences about different material
layers. For example, case hardened steel has a soft core and a
hardened surface layer, so Barkhausen activity at low excitation
voltages corresponds to activity in the softer core of the material,
whereas activity at higher excitation voltages corresponds to ac-
tivity in the harder surface layer. Although this has been proved
to be true for MBE [1], [2], the situation for MAE is slightly dif-
ferent; whereas MBE is measured in a small area in the near sur-
face layer directly below the sensor, a single sensor mounted at
the surface of the material can sense all MAE activity induced in
the material. As the time/space distribution and intensity of the
magnetic flux in the material varies with respect to the position
of the excitation apparatus [7], the measured signal corresponds
to an integration of activity over a large area with differing phase
relationships with the excitation signal.

B. MAE Sensor Selection

Fig. 2 shows signal profiles for two different MAE sensors; a
physical acoustics R15 150 kHz resonant sensor with an oper-
ating frequency range of 50 kHz–200 kHz and a sensing surface
diameter of 15 mm and a u30 300 kHz resonant sensor with an
operating frequency range of 100 kHz–400 kHz and a sensing
surface diameter of 8 mm. MAE activity is referenced to the ex-
citation voltage, which is shown along the x-axis. The MAE pro-
files corresponding to the rising half cycle ( 2 v to 2 v) and the
falling half cycle (2 v to 2 v) are plotted separately on the same
axes. It can be seen from the plots that the u30 sensor (Fig. 2(b))
gives a much greater variation for the samples examined in the
test. A number of these comparative tests were carried out using
different materials, with similar results and the u30 sensor was
selected as the most appropriate sensor for the tests.

The u30 probe exhibits better linearity than the R15 probe
due to its decreased diameter. At an estimated signal velocity of
3000 m/s in steel, the wavelength equivalent to the surface di-
ameter (8 mm) of the u30 probe corresponds to a frequency of
375 kHz, whereas the wavelength equivalent to the surface di-
ameter (15 mm) of the R15 probe corresponds to a frequency of
200 kHz. Thus, the u30 sensor offers increased spatial resolution
and an increased frequency range which provides extra MAE
data. From the results shown in Fig. 2 and other test results it is
apparent that for the samples used in these tests this increased
frequency range carries important information which allows dis-
crimination between samples with differing case depths.

Fig. 2. Typical MAE profiles for R15 (a) and U30 (b) sensors.

C. Sample Summary

Three sets of samples are used in the tests; heat treated 0.1%
carbon steel, case hardened En36 steel bars, and case hardened
En36 blocks. The characteristics and dimensions of the samples
are summarized in Table I, where the case depths are validated
by X-ray diffraction techniques.

III. CHARACTERIZATION OF HEAT TREATMENT OF 0.1%
CARBON STEEL

In this section, the comparative strengths of MAE and MBE
for the characterization of heat treatment in 0.1% carbon steel
are studied. This mild steel shows much stronger Barkhausen
activity than the harder gear steels and the results are useful to
identify signal characteristics which may not be as easily iden-
tifiable in the gear steels.

Fig. 3 shows MAE and MBE activity for 650 heat treated
0.1% carbon steel samples (samples a1–a4) using 2 Hz triangle
wave excitation. Several remarks can be drawn from comparison
of the plots: first, the water quenched sample does show a dis-
tinct reduction in MBE activity, but the shape and peak position
of the profile is very similar to the 1/2 hour tempered sample,
with reduced amplitude, introducing some ambiguity into the
interpretation of the MBE plot, but MAE activity is reduced al-
most to zero, this indicates that the microstructure is predom-
inantly martensitic, as martensite has only one easy magnetic
axis, producing no MAE activity. As the martensitic structure
recovers with the application of heat treatment, both MAE and
MBE increase, with maximum activity for MAE for the 1/2 hour
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TABLE I
SUMMARY OF SAMPLES

Fig. 3. (a) MAE and (b) MBE profiles for four pieces of 0.1% carbon steel
using 2 Hz excitation.

tempered sample. MBE activity continues to increase with sig-
nificant side lobes appearing in the plot for 100-h tempering.

IV. CASE DEPTH MEASUREMENT FOR En36 GEAR STEEL

In this section, the comparative strengths of MAE and MBE
for case depth measurement in En36 gear steel are studied. The

effects of sample geometry and excitation signal frequency on
test results are also examined. Samples b1–b5 are used in the
tests.

A. Case Depth Measurement

MAE and MBE measurements were made for En36 bar sam-
ples with differing case depths at excitation frequencies of 1
Hz–0 Hz in 1 Hz increments, with data also acquired at 0.2 Hz
for MBE only. Fig. 4 shows a selection of MBE and MAE pro-
files generated from the test data. The 0.2 Hz [Fig. 4(a)] and 1
Hz [Fig. 4(c)) MBE profiles and the 1 Hz (Fig. 4(b)] MAE pro-
files exhibit a monotonic reduction in amplitude as case depth
increases. This is as expected; as the depth of the case hardened
layer increases, the amount of hardened material within the mea-
surement depth of the techniques increases. The hardened ma-
terial exhibits less Barkhausen activity than the soft core, so the
overall amplitude reduces. Although the overall level of MBE
and MAE activity reduces with an increase in case depth, a more
detailed analysis of the profiles shows some discrepancies be-
tween the two techniques.

It can be seen from the plots that the untreated sample gen-
erates a much higher level of both MBE and MAE (in the plots
MBE is attenuated by 25 dB and MAE by 20 dB). As the un-
treated sample is the same microstructural state as the core of
the case hardened samples, we can conclude that we are not re-
ceiving a large signal from the core of the material in the case
hardened samples for either technique. Although this is a pre-
dictable outcome for MBE with its low measurement depth, it
contradicts the accepted view that MAE has a much greater
measurement depth than MBE and suggests that for this par-
ticular test, the MAE signal from the soft core is considerably
attenuated.

Considering the macroscopic behavior of the material, a pos-
sible contributing factor for the decrease in MAE activity for the
case hardened samples in comparison with the untreated sample
is the reduction in the rate of change of magnetization in the core
of the treated sample, due to a decrease in induction swing from
material hardening. However, the excitation frequency is low,
skin effects are negligible and the untreated core has a much
higher permeability than the surface layer, consequently flux
density in the core should not be greatly reduced in comparison
with the untreated sample.

Fig. 5 shows some typical MAE [Fig. 5(a)] and MBE
[Fig. 5(b)] profiles. Two peaks are identifiable in the MBE
profile, whereas three peaks are identifiable in the MAE profile.
As the soft core experiences maximum domain wall motion
at lower field intensity than the surface layer, MBE peak 1
represents domain activity within the soft core and MBE peak
2 represents domain activity within the case hardened layer.
Examination of Fig. 4 shows that MBE peak 1 can only be seen
in Fig. 4(a); this is due to the lower high-pass MBE selection
filter characteristic that is used in conjunction with 0.2 Hz
excitation allowing deeper MBE sources to be measured. It can
be seen from Fig. 4(a) that the relative amplitude of MBE peak
1 reduces as case depth increases and for 1.00 mm and 1.35
mm case depths, the soft core is no longer within the MBE
measurement range and peak 1 is no longer apparent.

If we apply a similar analysis to the MAE profiles, MAE
peak 2 should correspond to domain activity within the soft core
and MAE peak 3 to domain activity within the case hardened
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Fig. 4. Profiles for untreated and case hardened En36 samples for: a) MBE
with 0.2 Hz excitation, b) MAE with 1 Hz excitation, and c) MBE with 1 Hz
excitation.

layer, MAE peak 1 corresponds to low-level Barkhausen activity
during the demagnetizing part of the hysteresis cycle, which can
also be observed to some extent in the MBE plot. So we would
expect a decrease in the relative amplitude of MAE peak 2 with
an increase in case depth. However, this type of analysis does
not hold true. Examination of Fig. 4(b) shows that the relative
amplitude of MAE peak 2 actually increases with an increase in
case depth.

One possible implication of this is that MAE peak 2 corre-
sponds to domain activity within the case hardened layer, with
peak 3 corresponding to activity within the soft core. This can be

Fig. 5. Typical En36 MAE profile with peaks labeled, b) typical En36 MBE
profile with peaks labeled.

explained thus: If MAE can be measured throughout the volume
of the sample with low frequency excitation; the field intensity
will vary at different positions within that sample throughout
the excitation cycle. For example, if we use 2 Hz, 2 V excita-
tion with a 1 mm case depth sample, the soft material at around
1.2 mm may undergo maximum domain wall activity at 0.5 V,
whereas material at a depth of 5 mm may undergo maximum do-
main wall activity at 1.5 V (field intensity always diminishes
with depth), so we have a signal from the soft core throughout
the excitation cycle, potentially masking the signal from the case
hardened layer. The MAE peak 3 position is simply the point in
the excitation cycle where the majority of the material in the
sample is undergoing maximum domain wall activity, thus ex-
plaining the broadening of the MAE signal in comparison with
MBE. Peak 2 corresponds to activity within the case hardened
layer, partially masked by the signal from the soft core. The fact
that there is a large amplitude difference between the untreated
and case hardened samples indicates that a considerable level of
flow around [6] is being exhibited in this narrow sample.

B. Influence of Sample Geometry

Fig. 6 shows MAE and MBE profiles for two samples:
• Sample b4: 1.00 mm case hardened En36 bar;
• Sample c1: 1.00 mm case hardened En36 block.

The samples are both case hardened to a depth of 1.00 mm,
but have differing dimensions (see Table I). The MAE and MAE
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Fig. 6. (a) MAE profiles for 1 mm case hardened samples with different dimen-
sions, b) MBE profiles for 1 mm case hardened samples with different dimen-
sions. MAE and MBE profiles normalized to cross-sectional area of samples.

amplitudes have been normalized with respect to the cross-sec-
tional area of the samples. The MBE profile in Fig. 6(b) shows
an increase in amplitude for the bar sample, due to an intensifica-
tion of the induced magnetic flux density as the excitation field is
channeled into a sample with a reduced width (i.e., the flux lines
cannot spread out as much in the narrower sample). However,
for the MAE profiles shown in Fig. 6(a), the overall amplitudes
for the bar and block samples is much closer than for MBE, in-
dicating that MAE amplitude is, to some degree, proportional to
the cross-sectional area of the material under inspection.

This result highlights the large influence that sample ge-
ometry has over MAE and MBE results. It can be seen from
Fig. 6(a) that the position of MAE peak 3 is at a greater ex-
citation voltage for the block sample due to the higher field
strength needed to magnetize the larger sample. The increase
in MAE signal strength for the block sample could be due to
increased penetration of the applied field in the block sample
due to a lessening of the flux flow around [6] corresponding to
the increased width in comparison to the bar sample. If this is
the case, the increased activity at around 0.4 V corresponds to
increased activity in the soft core, due to increased penetration.
As MBE is a near-surface inspection technique, the increased
penetration in the block sample is not apparent from the result
and the overriding influence is from the localized increase in
flux density between the core poles at the inspected surface of
the bar sample.

C. Influence of Excitation Frequency Variation
on Barkhausen Profiles

Fig. 7(a) shows MAE and MAE peak positions with respect
to excitation voltage maximum. The peak positions are repre-
sented in terms of the phase shift between the excitation voltage
maxima and signal maxima (MAE peak 3 and MBE peak 2).
For example, 0 corresponds to the signal maximum coinciding
with the excitation voltage maximum; corresponds to a
phase shift of 1/4 excitation cycle between excitation and signal
maxima. As the excitation signal is measured as the voltage ap-
plied to the power amplifier, as shown in Fig. 1, there is some
phase difference between measured excitation voltage and ap-
plied field, but as this exists for both MAE and MBE, the plots
are comparable. Plots are shown for sample b4; 1 mm case hard-
ened En36 bar only, but all case hardened En36 bar samples pro-
duce similar plots.

The increase in excitation frequency causes a change in
the magnetic flux in the sample in terms of both phase and
distribution [6], [7]. As excitation frequency is increased there
is a greater phase variation in the induced field throughout the
volume of the sample. The distribution of the field is modified
due to the skin effect and more importantly an increase in flow
around and the associated decrease in field penetration. So for
higher excitation frequencies, we have a greater concentration
of the flux within the surface layer of the sample, coupled with
a greater variation of phases throughout the sample volume.
These changes in flux phase and distribution will have a much
greater impact on MAE than MBE, due to the localised mea-
surement characteristics of MBE. This can be seen in Fig. 7(a),
where the difference between the plots for MAE and MBE
increases with increasing excitation frequency, with MAE
showing the greatest variation in phase shift for the frequencies
used in the tests.

Fig. 7 shows MAE and MBE profiles for sample b4; 1 mm
case hardened En36 bar, for excitation frequencies of 1 Hz, 5
Hz, and 10 Hz. Profiles for half an excitation cycle are plotted
against phase, relative to excitation voltage maxima, with 0
corresponding to the maximum excitation voltage. A broad-
ening of the major MAE peak with an increase in excitation fre-
quency can be seen in Fig. 7(a), while the MBE peak is relatively
narrow. This has been widely reported [6]–[8] and is thought
to be due to increased phase variations throughout the sample
as excitation frequency is increased. As MBE operates over a
much smaller volume of material, the broadening effect is not
as pronounced for MBE [Fig. 7(c)]. The increase in excitation
frequency also causes a blurring of MAE profile features, due
to increased phase variations within the volume of the sample,
however, two signal peaks can still be discerned in the 10 Hz
profile.

V. CONCLUSION

In this paper, comparative MAE and MBE results have been
put forward for the quantification of heat treatment in 0.1%
carbon steel and case hardening in En36 gear steel. The gener-
ation of the signal profile with respect to excitation voltage has
been chosen as the primary signal analysis tool. MBE results are
as would be expected and broadly agree with earlier tests car-
ried out by Moorthy et al. [1], [2], and an overall reduction in
signal amplitude can be seen for an increase in case depth for
both techniques.
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Fig. 7. a) MAE and MBE maxima relative phase with respect to excitation
voltage maxima for sample b4, b) MAE profiles for sample b4 for 1 Hz, 5 Hz,
and 10 Hz excitation, and c) MBE profiles for sample b4 for 1 Hz, 5 Hz, and 10
Hz excitation.

MAE can obtain wide or multiple peaks at higher frequen-
cies than MBE signals for samples with different case depths.
This indicates the possibility of deeper stress profile measure-
ment using MAE than using MBE, but the correlation between

MAE activity at different depths and profile features needs fur-
ther study for the evaluation of quantitative information. The
measurement depth of MAE is usually presumed to be propor-
tional to the skin depth in the material under inspection, but the
test results offered in this paper show that this assumption is
oversimplified, as the overall amplitude for the untreated En36
sample is much greater than the overall amplitude for the case
hardened En36 samples, it can be concluded that relatively little
MAE is being received from the soft core of the case hardened
samples. Some reduction in sensitivity as case depth increases is
also observable. The most convincing explanation for this is that
the narrow En36 bar samples experience a considerable amount
of flow around; the tendency for the flux in a ferromagnetic ma-
terial to concentrate in the surface layer en route to the bottom
side of the sample, rather than traversing the bulk of the sample.
Thus, the penetration of the soft core is more limited than a
simple skin depth calculation would imply. Further work will
investigate the quantification of residual stress gradients from
treatments such as laser peening using a combination of MAE
and MBE.
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