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Subtle changes in magnetic Barkhausen noise
before the macroscopic elastic limit*
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A mild steel specimen was loaded in tension up to ~0.4% strain, with Magnetic Barkhausen
Noise (MBN) measurements made at increasing strain levels. In addition, an MBN
investigation was performed on a mild steel specimen bent progressively to ~0.2%
longitudinal surface strain. Overall, the parameter termed ‘MBN¢nerg,' increased
significantly in the elastic, yet remained basically unchanged in the plastic range of
deformation. While still in the elastic range, particular strain levels displayed abrupt
changes in the MBN¢nergy. Variations in scatter about the average MBNnerg, Value, as well
as distinct modifications in pulse height distributions, occurred simultaneously with the
abrupt changes in MBN¢nergy- The non-uniform stress distribution among grains in the
polycrystalline samples initiated dislocation formation in some grains before extending to
other grains. Dislocation strain fields contributed to redistribution of strain within a grain
leading to non-uniform changes in magnetic texture. Results indicate that the magnetic
Barkhausen noise technique can detect microyielding. © 2000 Kluwer Academic Publishers

1. Introduction 2. Theoretical background
Despite extensive research [1-3], the complex effect¥ he formation of magnetic domains in a ferromagnetic
of stress on ferromagnetic behaviour are not yet fullymaterial results from the minimization of the sum of five
understood. The study of stress influences on polycrysenergy terms—[3]—exchange, magnetostatic, magne-
talline ferromagnetic materials resists reduction to aoelastic, magnetocrystalline, and a domain wall energy
precisely formulated set of problems solvable by ex-term. Among these energy terms, magnetocrystalline
perimental investigation or mathematical analysis. Theenergy plays a significant role. When the domain mag-
situation is complicated by the fact thatthe strain causedetization is aligned with certain crystallographic di-
by stress can be either elastic or plastic, with differ-rections, the magnetocrystalline energy is a minimum.
ent mechanisms responsible for both. Furthermore, th&hese preferred directions are called ‘axes of easy mag-
grains within a polycrystalline sample deform differ- netization’, and are alond.00 in iron.
ently depending on their crystallographic orientation The application of a magnetic field changes the mag-
with respect to the direction of applied stress, and thisietostatic energy, altering the overall energy balance,
can lead to non-uniform changes in magnetic texture.with the other energies readjusting to minimize their
Magnetic Barkhausen noise (MBN) is known to be sum. The combined effort of the five energies to main-
stress dependent [3—11]. MBN is associated with theéain a minimum leads to domain wall displacement,
abrupt, irreversible motion of domain walls overcom- with magnetic domains having magnetization vectors
ing pinning sites as a ferromagnetic sample is magnemost closely aligned with the applied field increasing
tized. It occurs primarily in the mid field range of the in size at the expense of less favourably oriented do-
magnetic hysteresis curve where domain wall motiormains [4]. However, domain walls are not completely
is the dominant magnetization mechanism. Althoughfree to move in response to an applied magnetic field.
MBN sensitivity to stress is well known and has beenWall displacement can be temporarily retarded by local
exploited for at least three decades, these earlier inpinning sites such as dislocationtangles, inclusions, and
vestigations focussed primarily on the overall trendsgrain boundaries. Movement of domain walls across
observed as specimens were subjected to deformatidhese pinning sites requires energy, and makes the pro-
[5-8]. However, the inherent anisotropic deformationcess irreversible. This phenomenon gives rise to the
of grains gives rise to subtle changes in MBN at strainBarkhausen effect [3].
levels below the elastic limit, and the present paper in- An applied magnetic field is likely to affect si-
vestigates this behaviour. multaneously several domains within a grain, or in
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neighbouring grains with similar crystallographic ori- domain wall displacement. As a result, a change in the
entation. Consequently, domain wall movement bewvolume of magnetic domains takes place. A more ener-
comes a correlated event, producing a ‘Barkhausegetically favourable domain configuration is achieved
cluster’. Various authors have examined correlated doif domains lying closest to the direction of applied ten-
main wall motion or cluster formation [9, 12—14], which sile stress grow at the expense of domains with other
appears to be material dependent [15]. The ability tanagnetization directions [4]. In this manner, the mag-
develop clusters relies to a great extent on demagnetizietoelastic energy of the system is decreased.
ing effects during Barkhausen transitions [4, 15]. Eddy A recent study involving a multidomain single crys-
current generation is less significant in harder ferrotal [11] suggests a modification in the number of 180
magnetic materials (investigated in the present study)domain walls in response to an applied stress. For those
thereby cluster development should not be impedediomains lying closest to the stress direction, a tensile
by demagnetizing fields in these materials. Crystallo-stress creates an increase in the’Xfmain wall popu-
graphic texture is expected to favour cluster formationlation, and a compressive stress a decrease. The contri-
through correlated domain wall motion in neighbouringbutions of the applied stress to the domain configuration
grains with similar orientation. are evaluated in terms of changes in magnetoelastic en-
An applied stress can create domain wall motionergy, 180 domain wall area and energy. The ‘critical
without the application of a magnetic field [3]. Stress ef-level’ of an applied tensile stress for which the addition
fects on single-domain cubic crystals have been treatedf another domain wall becomes favourable was cal-
theoretically by various authors [4, 10, 16, 17]. Evenculated for pipeline steel. The calculated stress values
though their formulations use different approaches, thébetween 32 and 290 MPa) are common [11].
final mathematical expressions are similar. The argu- It should be noted that an analysis of polycrystalline
ments are based on the minimization of the five enermaterials rests only qualitatively on the theoretical ar-
gies. In the absence of an applied magnetic field, thguments described above.
magnetostatic energy of a nonmagnetized ferromagnet
is zero. In the presence of only one domain, neither
exchange energy nor wall energy play a role. There- . .
fore, when a stress is acting, both magnetocrystallind: Experimental technique

and magnetoelastic energy compete to determine thé-1- Loading configurations _ _
direction of the domain magnetization The sample investigated wa 3 mmthick mild steel

plate for which a qualitative crystallographic texture
analysis was conducted prior to MBN measurements.
Pole figures were constructed for the (110), (200), and

Emagnetocwstalline‘i‘ Emagnetoelastic

= K (8262 + £2£2 + £2£7) (211) peaks. These indicated a random distribution of
3 crystallographic planes. The engineering stress-strain

— 5*1007 (82 + E2vE + E5v2) curve was measured on an Instron Tensile Testing Ma-
chine under strain control, using a cross head speed of

— 3110 €1€2v1y2 + E2E3y2y3 +E361v3y) (2.1)  0.008 mm/s. This indicated a yield point 6206 MPa
(determined by a 0.2% offset method), with a Young's
whereéy, &, &3 are the direction cosines of the domain modulus of 167 GPa. Strain gauges were mounted on
magnetization with respectto crystal axes, gnd»,ys  specimens to measure the strain in the applied stress
are the direction cosines of the applied streggthre-  direction. The strain gauges were cycled seven times
spect to crystal axes. The above expression was derivgatior to establishing the zero strain reading.
for a deformed simple cubic lattice [4, 10] for whichthe  Both uniaxial and bending stress experiments were
crystallographic direction§l00 and(111) are possi- performed. In the uniaxial case, tensile samples of cen-
ble magnetic easy axis directions. The saturation magial dimensions 297 mni() x 57 mm W) x 3mm (T)
netostrictions along100 (easy axis direction in iron) were mounted in the jaws of a uniaxial stressing device
and(111) (easy axis direction in nickel) are representedwith a maximum load capacity of 180 kN. The speci-
by X100, and 114, respectively, anK represents the men was designed such that the stress axis was along
anisotropy constant. Qualitatively, the direction of do-the rolling direction of the plate. The maximum stress
main magnetization is determined by the magnitude ofhat could be obtained on the stressing device for this
K versusgklooo and 3.1110. Given the measured val- specimen was 976 MPa, well beyond the yield point of
ues [13]A100=19.5x 1076, andir11;=—-188x10"6, 206 MPa. Aregion o0f2150 mm length on the specimen
an elastic stress e£1660 MPa is necessary to overcome surface was carefully ground to a 1000 SiC grit finish,
the effect of the magnetocrystalline energy, and changthus producing a flat, oxide-free surface for MBN mea-
the direction of domain magnetization frgt00). The  surements. Stress was applied to the specimen in in-
yield strength of the steel investigated in the presentrements, with MBN measurements taken at each new
work was~206 MPa, therefore domain magnetizationstage of deformation. Measurements were performed
vectors remain parallel 100 (easy axis direction in in the elastic and plastic ranges of deformation, up to a
iron) even under an applied stress. total of ~0.4% strain.
The analysis can be extended qualitatively to a mul- The bending experiment employed a rectangular
tidomain single crystal. Since a simple realignmentbeam sample 1220 mrh} x 127 mm V) x 3mm (T)
with the stress direction is not energetically favourablewith the beam axis directed along the rolling direction
the domain configuration minimizes its energy throughof the plate. A 610 mm long region was sanded to a
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1000 SiC grit finish. The beam was bent by two equal4. Results
and opposite couples acting in the same longitudina#.1. Steel sheet uniaxially loaded in tension
plane, achieved by hanging two equal loads on eitheThe parameter MBM.ergyWas analyzed as a function of
end of the beam which was supported at points approxposition along the sample axis, for progressive uniaxial
imately 25% from each end. The beam was deformedeformation to 0.23%. Results for a detector orienta-
progressively in steps, to a longitudinal surface strain otion parallel to the applied axis are presented in Fig. 2.
~0.2%, and then progressively unloaded. MBN mea-This figure indicates that, at a given strain level, the
surements were performed for each loading and unMBNenergyis fairly consistent along the sample length.
loading stage. The surface plastic strain present aftefurthermore, an increase in axial strain is accompa-
the removal of the external load was 0.06%. nied by a corresponding increase in MBMgy at all
positions. Although not shown, the data for the trans-
verse detector orientation shows an opposite trend—
a decreasing MBWergy With increasing strain. These

3.2. Magnetic barkhausen noise detection general trends are consistent with previously reported
Fig. 1 shows a block diagram of the experimental appagatg 7, 8].

ratus. An exciter coil wound on a C-shaped ferrite core A summary of the MBNpergy Variation with defor-

and Qriven by a 12 Hz §inusoiq§1| source magnetizes thgation is shown in Fig. 3, by plotting MBNergyvalues
specimen. The drive is amplified by a bipolar powergyeraged over all positions as a function of strain for
supply before reaching the exciter coil. The MBN Sig- hoth detector orientations. As seen in the diagram, there
nal is detected by a read head placed between the pojg sjgnificant change in MBWergy With strain in the
pieces of the ferrite core. The output of the detector is|astic region, yet little variation in the plastic regime.
fedto a preampllfler with a gain of 2000, and throughpjgtaple features are the abrupt changes in MRy

a band-pass filter of 3-200 kHz. Data is collected andayes before the macroscopic yield point—specifically
analyzed ona PC digital oscilloscope board (Computery gyop is observed at 0.09% for the parallel detector
scope). The MBN signal is sampled atintervals fsl  rientation, with a concurrent increase in MBfgyin

for 16 ms with a buffer size of 16 K. The estimated he tranverse detector orientation. A further decrease
depth of minimum penetration of the magnetizing field

is roughly 1 mm, whereas the depth from which the
MBN signal originates is*30 um (according to skin sam0
depth considerations [4]).

Two types of axial scans were made across the £
specimens—in the first, the magnetic excitation field
was directed parallel and, in the second, transverse 5 ,,.b . 0°0°°000 o °
the sample axis. < . S S S

Most studies use different magnetic Barkhauserj ,,be—onaoo8.  cennoao - on_ 4 0%
noise parameters to analyze the overall signal. The p:£ ?
rameters used in the present paper for MBN signalana Average standard
ysis are ‘MBN:nergy and pulse height distributions. The
MBN signal atany given measurementposition consist:
of a collection of voltage pulses or ‘events’ of varying
amplitudes. Only voltage pulses with amplitudes above
125 mV were considered in the analysis. Figure 2 Variation of MBNenergyas a function of position along applied

The MBNenergy is obtained by calculating the time stress a>‘<is ofuniaxiallydeformeq specimen for selected strain levels. De-
integral of the squared voltage pulse. An ‘averagegecglizr'e’;tr:lﬂgﬁi’r?!s' to the axis. Average Méblgyvalue are marked
MBNenergy is obtained by calculating the mean of the Y P '
MBNenergyOver all measured positions. The deviation
of each MBNergy value from the mean is averaged
over all measured positions and is termed ‘scatter it 00| REERERE e T —
MBN energy-
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Figure 3 Summary of average MBiNergydata as a result of axial scans
Figure 1 Block diagram of experimental apparatus for producing and performed on the uniaxially deformed specimen. Connecting dashed
detecting magnetic Barkhausen noise. lines are only for guidance.
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(b
Figure 5 Pulse height distributions for a detector oriented (a) parallel,

Figure 4 Variation with strain of MBNiergy SCatter for a detector ori-  and (b) transverse to the applied stress direction. Measurements per-
ented (a) parallel, and (b) transverse to the applied stress direction. Medormed on the uniaxially deformed specimen. Selected strain levels are
surements were performed on the uniaxially deformed specimen. CorPresented.

necting dashed lines are only for guidance.

Of note is the result for the detector oriented trans-
verse to the stress direction. Despite the overall de-
Yrease in average MBMrgy Values with increased
strain (Fig. 3), the number of intermediate voltage
pulses is noted to increase (Fig. 5b).

is observed at 0.20% strain for the transverse detect
orientation.

Fig. 2 also indicates the MBdNergyScatter with posi-
tionfor each strain level. Fig. 4a and billustrate how this
scatter varies with increasing strain. Overall, the scatter
increases with strain up to the yield point for the paral 4.2. Beam in bending

lel detector orientation (Fig. 4a), while in the transverse . .
direction atrend is not easily recognized (Fig. 4b). sim.ror the detector oriented parallel to the beam axis, the

ilar to average MBhhergy behaviour shown in Fig. 3, MBNenergyis seen to increase (Fig. 6), a result consis-

the elastic and plastic regions demonstrate different pa entwith observations described inthe previous section.
terns in MBN, scatter. he transverse direction exhibits almost no variation in
=nergy - BN however subtle changes in MBNqvoccur

Changes in the MBN parameters described abovév].  Energy . 9 9y

can be correlated with evident modifications in theWIth mcreased_ strain. .

pulse height distributions, shown in Fig. 5a and b, for The scatter in MB.N”E'QVTOHOWS. an irregular pattern

detector orientations parallel and transverse to stresg,)r both detector orientations (Fig. 7).

respectively. The first variations in the shape of the

pulse height distribution curves become apparent above. Discussion

0.07% strain (Fig. 5a), with a slight increase inthe num-As mentioned in Section 2, the magnetoelastic en-

ber of intermediate voltage pulses. This effect is moreergy of a particular domain configuration is mini-

notable at 0.09% strain (Fig. 5a) that corresponds tanized when the domains most closely aligned with the

the drop in Fig. 3 discussed earlier. The increase irstress direction increase in size at the expense of less

MBNenergy at 0.23% (Fig. 2) coincides with a rise in favourably oriented domains. Neighbouring magnetic

the pulse height distribution curve in the low as well domains with the same orientation with respect to the

as intermediate voltage range. Above this deformatiorstress direction experience similar volume changes.

level measurements show little variation in the shape Plastic deformation distorts the lattice permanently

of the distribution curve. by ‘slipping’ when the critical resolved shear stress
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500 is reached. By comparison, macroscopic yielding is
characterized by massive dislocation generation and
rzlg 5 \ motion. The resulting additional strain fields alter the
40| detector parallel to the beam axis 5 /. Y| unloading intragranular stress distribution and thereby magnetic
g s B point domain sizes. In addition, increased dislocation densi-
£ e - ties impede the simultaneous motion of domain walls.
g /%’ ) = 212%’,%*;3?;3?321:; At this stage, there is little further increase in MBN
3 loading . signal.
g ,«"'.’,}'..;;di,.g, L nlewding The stress at grain boundaries due to longitudinal
200 et o oo B e LT R e incompatibility is almost three times higher than the
ronding critical resolved shear stress within the grain [26]. The
detector transverse to the beam axis higher stress levels at grain boundaries are likely to
100, ye o o oo o2s  cause dislocations to be generated first in grain bound-
strain (%) ary regions, before they form in the grain interior. Con-

Fure 6 S " MBDeroydiat it of anial sequently, magnetic domains in the vicinity of grain
igure 6 Summary of average ergydata as a result of axial scans h : :
performed on the beam in bending. Connecting dashed lines are onlyfopOundarles are affected dlﬁerently than those in the

guidance. grain interior. An increase in volume of magnetic do-
mains located in grain boundary regions is likely to
occur at the expense of their neighbours. An example

of how this might occur is shown in Fig. 8. Fig. 8a
i u----m detector transverse to beam axis
e v detector parallel to beam axis
0
™~
E 20
T
[}
=
©
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» .
0 unloading|
/ point
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-20
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Figure 7 Variation with strain of MBNnergyscatter. Measurements per-
formed on the beam in bending. Only a few strain levels were analyzec
for scatter. Connecting dashed lines are only for guidance.

is reached on a slip plane. A dislocation is formed applied
at the boundary between a slipped and unslipped por stress
tion of the plane. The interplanar spacing is altered in
the vicinity of the dislocation, creating a strain field.
The dislocation-induced strain fields give rise to non-
uniform changes in the volume of magnetic domains.

An applied stress acting simultaneously on grains
with different crystallographic orientations leads to lon-
gitudinal or shear incompatibility at grain boundaries
[18]. The type of incompatibility depends on the rel-
ative orientation of the grains with respect to each
other. Longitudinal incompatibility occurs for crystal-
lographic orientations such as [100] and [111] [19]. In
the case of longitudinal incompatibility, one grain is
in tension, while its neighbour is in compression. This
affects the changes in volume of magnetic domains ir
the two grains.

Elastic stresses between grains are accommodate
by dislocations generated in grain boundary regions
thereby reducing stress concentration. This is sup
ported by experimental evidence obtained by trans (b)

mission electron microscopy [20, 21], and etchpitting _ _ _ , o
Figure 8 Hypothesized magnetic domain configurations in polycrys-

t_eChmques [22__25]_' Ei-il’ly signs of PIaSt'C d,efor_ma_talline iron (a) before the application of stress (b) after the applied stress
tion, termed microyielding, are associated with dislo-jnitiates dislocation formation at grain boundaries. No magnetic field is

cation generation before the macroscopic yield pointpplied.
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is a schematic illustration of a possible domain wallaligned with the transverse direction undergo a reduc-
distribution in the absence of stress, while Fig. 8b cortion in volume [4]. The MBN signal decreases in the
responds to the distribution following microyielding. direction transverse to the applied stress (Fig. 3), yet
In this figure, both grains are shown to be affectedabrupt changes, again believed to be due to microyield-
by a tensile stress producing dislocation initiation ining phenomena, are observed.
both grains. However, dislocations are not generated The specimen subjected to bending stresses seems to
simultaneously in all grains at a particular stress levelexperience less transverse compressive strains, given
While some grains develop dislocations at a certairthe approximately unchanged MBN.qy values dis-
stress level, dislocation initiation does not occur in othemplayed in Fig. 6. Thisis likely due to the bending method
grains until higher stress levels. used since loads applied at the two beam ends produce a
Onthese grounds, the overall MBN signalis expectedorce with a point of application on the beam axis. Given
to be affected by an applied tensile stress in the followthe relatively large beam width (127 mm), applied load
ing manner: As discussed, durimgastic stresgshose effects are less significant at the transverse beam edges
domains with magnetizations most closely aligned withthan along the central axis. Furthermore, the transverse
the direction of tensile stress increase in size at the excompressive strain experienced in bending usually de-
pense of neighbouring domains with less favourablecreases with distance in from the edge [27]. A 17 mm
orientations. Furthermore, magnetic domains experitong detector used for MBN scans performed along
encing similar increases in volume are likely to becomethe beam axis would not detect transverse compressive
simultaneously active under an applied field. This in-stresses.
creases the MBN response. In addition, there is an in-
creased number of 18@omain walls in the tensile
stress direction [11] which contribute to an enhancecb_ Conclusion

signal. The ohserved rise in signal is displayed both k.)yrhe application of a tensile stress significantly in-

the uniaxially loaded specimen (Fig. 3), and beam in, o 5qeq MBNhergyvalues in the elastic range. However,
bending (Fig. 6), the latter subjected to a tensile elastig, . MBNenergy remained essentially unchanged in the

stress on the outer surface. plastic deformation range up 4% strain. This be-

The abrupt MBN signal changes in the elastic region, o jour was ascribed to the combined effect of changes
are believed to be aresultwiicroyieldingphenomena. ¢ yagnetic domain sizes, increases in the number of

With the onset of microyielding, dislocations form in 185 qomain walls. and magnetic domains becoming
grain boundary regions in some grains. The strain ﬁem%imultaneously acfive

created contribute to further size increases in magnetic The abrupt variation_s in ave_rage_M Bri\grgyobs_erved
elow the macroscopic elastic limit were attributed to

domains located in grain boundary regions. The MBNy
islocation formation in grain boundary regions at dif-

response of the latter is expected to be greater thag
the response of smaller size domains in the grain intege ot strain levels. Concurrently, inconsistent trends
rior. However, depending on how many grains develon, scatter about the average MBgy value, and in

he shape of the pulse height distribution curves were

dislocations, a certain overall MBN signal is obtained.
‘Hoted. These distinct variations in Barkhausen noise

In addition, the unequal size increases between ma
. - ISignal observed prior to macroscopic yielding indicate
level. As a result, not all domains become active si- 9 P picy 9

L he presence of microyielding.

multaneously under an applied field. The outcome oft P y g
the diverse mechanisms that accompany microyielding
leads to abrupt changes in MBNqyVvalues below the
macroscopic yield point (Figs 3 and 6). Concurrently,References
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