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INTRODUCTION

Magnetoacoustic emission (MAE) is a phenomenon where acoustic noiseis generated
due to the motion of non-180° magnetic domain wallsin aferromagnet with non-zero mag-
netostrictive constants. MAE has been studied extensively for many years [1-5] and has
even been applied as an NDE tool for characterizing the heat treatment of high-yield low
carbon steels[6-8]. A complete theory which fully accounts for the magnetoacoustic
response, however, has not yet emerged.

The motion of the domain walls appears to be a totally random process, however, it
does exhibit features of regularity which have been identified by studying phenomena such
as“ 1f flicker noise” and self-organized criticality (SOC) [9-11]. In this paper, a probabilis-
tic model incorporating the effects of SOC has been developed to help explain the MAE
response. The model uses many simplifying assumptions yet yields good qualitative agree-
ment with observed experimental results and also provides some insight into the possible
underlying mechanisms responsible for MAE.

We begin by providing a brief overview of magnetoacoustic emission and the experi-
mental set-up used to obtain the MAE signal. We then describe a pseudo-probabilistic
model used to predict the MAE response and give an example of the predicted result.
Finally, the model is modified to account for SOC and the new predictions are shown and
compared with experiment.

A BRIEF OVERVIEW OF THE MAGNETOACOUSTIC EMISSION TECHNIQUE

When an external magnetic field is applied to a ferromagnet a rearrangement of local
lattice strain fields due to the motion of non-180° magnetic domain walls occurs and emits
elastic energy. The interaction between domain walls and lattice defects creates a disconti-
nuity in the domain wall motion causing a burst of energy called magnetoacoustic emission.

A typical experimental set-up is shown in Fig.1. Two electromagnets are oriented to
direct the aternating magnetic field along the axis of the ferromagnetic test sasmple. The
time rate of change in the net magnetic induction is measured indirectly by winding a pick-
up coil around the sample. An acoustic emission is coupled to the sample to monitor the
acoustic noise produced within the sample. The outputs of both the pick-up coil and the
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Fig. 1. Experimental set-up

transducer are displayed on an oscilloscope and typical results are shownin Fig. 2.

The unprocessed signal from the transducer is extremely difficult to analyze.
Namkung et al. [8] found it advantageous to study the time-averaged envelope of the trans-
ducer output which is displayed in Fig.3. The envelope was obtained by averaging the abso-
lute value of 50 consecutive acoustic bursts and then smoothing the final result. The
envelope of the time-averaged MAE burst has a unique shape which has been shown to be
dependent upon the magnitude and frequency of the applied field and aso on factors affect-
ing material properties such as embrittlement [5-8].

From Fig. 3b we can identify two distinct and qualitatively different peaks in the pro-
cessed MAE signal. The peaks typically occur around the knees of the B-H curve and the
first peak always tends to be very sharp and narrow while the second peak is more rounded
and spread out.

A PROBABILISTIC MODEL

A model was developed to try and explain the qualitative difference between the two
peaksin the MAE burst. The model is essentially phenomenological, i.e. it isbased on a pri-
ori knowledge of the experimental results and not on any governing equations. It does, how-
ever, incorporate some of the ideas developed by Goodenough[12]. In particular, we use the
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Fig. 2. Typical MAE results (a) pick-up coil output, (b) unprocessed transducer output
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Fig.3. Processed transducer output (@) averaged signal, (b) smoothed data




notion that as the magnetization is reduced from saturation, regions of reverse magnetiza-
tion can form around non-magnetic inclusions. The sudden appearance of these regions also
means that non-180° domain walls, which are 90° domain wallsin steel, are being created
and, hence, that elastic energy isbeing emitted. Asthe applied field increases in the opposite
direction the walls move irreversibly and cause further acoustic noise to be generated. A
more detailed explanation of domain wall creation and movement is given in a companion
paper in this proceedings by Namkung et al. [13].

Assumptions of the model

The model was developed by incorporating the following assumptions:

1. The ferromagnetic sample can be discretized into a (i, j, K) grid of magnetization regions
(as shown in Fig. 4) where domain walls are created and move, i.e. each region is a source
of acoustic noise.

2. From the experimental results we observe two distinct peaksin the MAE signal asH is
varied. We attribute one peak to the creation of regions of reverse magnetization which form
90° domain walls. The other peak is due to the irreversible motion of the 90° domain walls
combined with the delayed motion of these domain walls through the sample due to the
competing effects of the eddy currents generated by the changing magnetic field and the
180° domain walls[13]. We incorporate thisinto the model by assigning two distinct bursts
of energy to each magnetization region. One corresponding to the formation of the domain
walls and the other to the subsequent motion of the walls. Consequently, there are two criti-
cal values of H associated with each magnetization region.

3. The value of H at which regions of reverse magnetization are created will, following
Goodenough’s [12] notation, be denoted by Hyj«. Thecritical values of H are assumed to be
randomly distributed throughout the different regions with a gaussian distribution about a
mean value of H corresponding to the first knee of the B-H curve. Similarly, the value of H
at which the domains move irreversibly, Hyy;;,., is aso randomly distributed, but about a
mean H corresponding to the second knee of the B-H curve. To assign the critical values of
H to the individual magnetization regions a correlation is established between the area
beneath the gaussian distribution and the total number of regionsin the sample. The areais
then discretized into afinite number of trapezoids and the number of regions corresponding
to the area enclosed by the trapezoid is assigned the value of H asshown in Fig. 5. and is
distributed randomly throughout the grid.

4. The problem is then discretized in time and atime-varying H field is applied. We assume
that H is seen simultaneously and uniformly throughout all the regions (Thisis afeature that
could be altered to account for eddy current effects, but was not done at thistime). The
applied H issinusoidal and at each time step the grid isfirst searched to determineif H is
above the critical value, Hy;j, associated with each region. If the preceding condition is
met, then an acoustic burst 1S considered to have occurred and is accounted for by adding a
value to an array which counts the number of such bursts at each time step. After an acoustic
burst has occurred for that particular region and value Hy;j, the region is not searched at
future time steps. Instead, we monitor the regions second H critical val ue, Hyyij- Again, if H
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Fig. 4. Modeling discretization scheme
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Is sufficiently large to cause the second burst to occur it is added to the burst array for that
particular time step. This procedure is followed for all magnetization regions at each of the
specified time steps. The end result is an array which contains the number of acoustic bursts
occurring at each instant of time. The results are shown and discussed below.

MODELING RESULTS

The model was implemented using agrid of (20,24,120) regions for atotal of 57,600
magnetization elements. An applied H field with an amplitude of 300 Oe and a frequency of
0.7 Hz with atime step of approximately 3 msec was used. The results are shown in Fig. 6
below. The modeling results obtained are not a good match, even qualitatively, for the
experimental signals. We do see two distinct peaks, however, thisisto be expected since we
based our model on their occurrence. The main feature of interest to us was why the first
peak was much sharper than the subsequent peak in the experimental results of Fig. 3b and
no indication of thiswas found in our results. Obviously, there is some underlying process
that is not accounted for in the model.

SELF-ORGANIZED CRITICALITY

In 1987 Bak, Tang, and Weisenfeld [9] introduced the concept of self-organized criti-
cality (SOC) to provide a consistent explanation of 1/f flicker noise and fractal structures
observed in dynamical systems. This phenomenon is related to the “domino effect” where
many dynamical systems tend to organize themselves into a barely stable state where small
perturbations can cause catastrophic changes throughout the system. Shortly thereafter,
Babcock, and Westervelt [11] observed the phenomenon in magnetic domain patternsin
garnet films.

The effect was incorporated into the model by allowing achange in one region to have
an effect on regions which directly border it. The bordering magnetization regions can, in
turn, have an effect on regions they border. Consequently, the disturbance can propagate
throughout the sample. Physically, what we are saying is that the sudden emission of elastic
energy by one domain wall will, momentarily, change the critical H value at which domain
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walls are created or move at the other regions.
MODIFIED MODEL RESULTS

The changes were implemented into the algorithm and the model was run using the
same parameters that produced Fig. 6 and the results are shown in Fig. 7 below. Thefirst
observation isthat the results are afairly good qualitative match for the smoothed MAE sig-
nal obtained experimentally (Fig. 7b). The modeling supports the assertion that the first
peak in the MAE burst is due to the sudden formation of regions of reverse magnetization.
Furthermore, we feel that these results, along with the work of Babcock, and Westervelt
[11], provide a strong argument for suggesting that SOC plays a significant rolein the cre-
ation of regions of reverse magnetization.

We aso observe that the second peak is not as spread out as the corresponding peak
obtained from experiments (Fig. 7 (b)). As stated earlier, this probably can be accounted for
If we include the delaying effects of eddy currents. The eddy currents tend to inhibit the
ability of the magnetic field to penetrate into the sample and, as a result, would move the
response to alater time.

All of the modeling results were obtained by supplying aparticular seed number to the
computers built in random number generator. To study the reproducibility of the results, the
random seed was varied and typical results are shown in Fig. 8. The results are clearly con-
sistent with one another, ruling out the possibility that the results are unique to a particul ar
starting random seed. The model also proved to be fairly robust with respect to the number
of regions used. Even with arelatively small number of magnetization regions, the model
still produced the same qualitative shape. In Fig. 9 we show results taken at different ran-
dom seeds using the same parameters as above, except that now agrid of (10,12,6), or a
total of 7,200 magnetization regions, was used.

SUMMARY

Although the model we proposeisrather ssmplistic, it still provides reasonable qualita-
tive results and also offersinsight into some of the underlying features responsible for mag-
netoacoustic emission. The first peak in the MAE burst is probably caused by the sudden
creation of regions of reverse magnetization in the sample. Furthermore, the sharpness of
this peak seemsto be directly related to the phenomenon of self-organized criticality, i.e. the
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Fig. 7. (a8) Modeling results obtained by incorporating SOC into the model, (b) a compari-
son of experimental and modeling results.
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Fig. 8. (8)-(c) Modeling results obtained for different random seeds, (d) is the average of
signals (a)-(c).
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Fig. 9. (8)-(c) Modeling results for different random seeds with 7,200 magnetization
regions, (d) isthe average of signals (a)-(c).

sudden movement of domains alters the critical value of H required to create other regions
of reverse magnetization in neighboring areas.

The model still needs to be modified further to accurately reproduce the shape of the

second peak. The characteristics of this peak are probably caused by the competing effects
of domain wall motion and the eddy currents generated on the surface of the sample by the
changing magnetic field.
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