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Magneto-Acoustic Mixing Technology is a novel manufacturing method that combines two
magnetic fields to produce high-intensity sonication for liquid-state materials processing. This
method may be adapted to the manufacture of various materials that benefit from a combi-
nation of high temperature, magnetic fields, and acoustic energy. In this work, acoustic gen-
eration mechanisms are described in detail and found to be dependent on the skin depth of the
induction currents. Analytical models of acoustic pressure are derived, based on two mutually
exclusive vibration mechanisms, crucible and melt vibration. Additionally, grain size evidence of
acoustic pressure distribution is presented as preliminary model validation.
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I. INTRODUCTION

WITH increased demands for high-performance
materials, there is a need for new fabrication methods
that can create microstructures optimizing unique struc-
ture–property relationships.[1] Both magnetic and acous-
tic treatments of metals are gaining industrial relevance,
as evidenced by the European Union-sponsored ExoMet
Project that aims to improve the use of external fields in
materials processing.[2–4] Processing materials under
high magnetic fields have been shown to alter particle
orientation and dispersion,[5,6] change solidification
microtexture,[7,8] and modify microstructure and solute
distribution through damped convection.[9–11] Acoustic
processing, on the other hand, has been shown to
improve reactivity,[12,13] disperse nanoparticles,[14–16]

and refine solidification microstructures.[17,18] This work
focuses on Magneto-Acoustic Mixing Technology
(MAMT), which has the potential to effect material
structures through the simultaneous application and
coupling of magnetic and induction fields to produce
strong, yet, controlled acoustic waves in a melt.[19,20]

Full utilization of the technology requires a fundamental
understanding of inherent, operant mechanisms and
associated interactions, as well as careful design of
system components. This work provides a fundamental
understanding of the underlying physics that control the

performance of the system and the materials that are
processed by it.
The key components of an MAMT system are the

presence of a strong static magnetic field and an induction
coil assembly. When combined in an orthogonal ge-
ometry, this system provides both heating and acoustic
power to ametallicmelt housed in an internal crucible.An
illustration is shown in Figure 1(a). The induction system
induces electric eddy currents in the liquid metal and
crucible. These currents (blue) increase the temperature
by Joule heating, a primary mechanism of induction
heating.[21] Additionally, these eddy currents couple with
the static magnetic field (red) to produce an alternating
Lorentz force (green) that displaces the liquid, generating
acoustic waves at the induction frequency. If the system is
configured in a cylindrical configuration, the acoustic
waves propagate in a radial direction in the crucible wall
and sample. Photographs of the magnet and installed
system are shown in Figures 1(b) and 1(c).
Magneto-Acoustic Mixing Technology is a subset of

Electromagnetic Acoustic Transduction (EMAT), in
which electromagnetic energy is converted into acoustic
energy. Conventional EMAT has been traditionally
used for non-destructive evaluation. MAMT can be
distinguished from conventional EMAT in geometry
and the level of power supplied.[20] Another key differ-
ence is the nature of the acoustic wave that is produced.
As shown in Figure 2, MAMT produces longitudinal
waves, whereas conventional EMAT induces shear
waves. The fact that MAMT produces longitudinal
waves is of key importance since shear waves require a
rigid body through which to propagate,[22] making them
ineffective for liquid processing. Additionally, the pres-
ence of the high magnetic field dramatically reduces the
need for large eddy currents, allowing electromagnetic
induction to be used as the current source in a non-
contact fashion while still producing significant acoustic
vibration in the sample. It is the maturation of super-
conducting magnetics that enables this technology as
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magnetic fields of high strength (>5 T) have become
routinely available,[23] increasing the potential sonic
intensity for materials processing.

Another variant of EMAT technology, which has
analogs to MAMT is Electromagnetic Vibration
(EMV).[24,25] Similar to MAMT, EMV utilizes the
Lorentz forces to create acoustic waves to process
liquids. These forces are generated when alternating
electric current applied by graphite electrodes in contact
with the sample couple with a transverse static magnetic

field. The use of contacting electrodes differentiates
EMV from MAMT. MAMT is a contactless technique,
whereby the sample itself and sample container generate
acoustic waves. EMV relies on the electrodes being in
direct contact with the melt,[25,26] which makes electrode
contamination a possibility and hinders the scalability
and flexibility in manufacturing practices.
This work focuses on the dominant physical mechan-

isms in the MAMT system. First, magnetic and acoustic
mechanisms that may be active in a material being

Fig. 1—(a) Cutaway schematic of an MAMT system. (b) Entrance to ORNL’s 200 mm warm bore magnet in which an induction coil and sam-
ple holder is housed. (c) Fully assembled magnet with elevated work platform.

Fig. 2—Comparison between (a) conventional EMAT typically used for non-destructive evaluation and (b) MAMT system for materials process-
ing.
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treated with MAMT are explored. Next, the importance
of skin depth and its implications on acoustic generation
in MAMT are described, theoretical descriptions are
derived and then compared with some experimental
evidence. Taken together, the reader should become
familiar with the potential uses of MAMT and gain a
solid framework for its implementation.

II. PRINCIPAL PHYSICAL MECHANISMS
DRIVING PERFORMANCE

Acoustic treatment is used in numerous scientific appli-
cations and involves the production and propagation of
mechanical waves through a material. A common use is in
non-destructive evaluation of components, in which scat-
tering of sonic waves from defects is measured.[27,28] In
contrast, high-intensity fields (typically above 100 W/cm2)
are used inmanymaterials processing applications[29] such
as refining solidification microstructures, sonochemistry,
and melt-degassing, all of which occur in the liquid state.

In liquids, wave speed (c) can be calculated through
the use of Eq. [1] where bad is the adiabatic compress-
ibility and q is the density.[29] For longitudinal waves,
amplitude can also be the pressure variation between
compression and rarefaction regions of the wave.
Additionally, maximum acoustic pressure (PA) and
intensity (I) can be calculated by Eqs. [2] and [3],[29]

where A0 is the maximum particle displacement (how far
particles in the liquid move as a result of wave
propagation) and f is frequency. Acoustic pressure and
intensity are necessary to understand whether the
cavitation threshold, corresponding to the rapid growth
and collapse of vacuum bubbles in the liquid, has been
reached in a fluid.[30,31] Acoustic pressure is the de-
viation from atmospheric pressure, and acoustic inten-
sity is defined as sound power per unit area.

c ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffi

1

bad � q

s

½1�

PA ¼ 2pqcA0f ½2�

I ¼ 2qc pA0fð Þ2 ½3�

The presence of cavitation bubbles can dramatically
affect physical processes in the liquid and during
solidification.[32] As cavitation bubbles collapse, the
local area experiences extreme pressure and temperature
fluctuations (low estimates are 5000 K and 100 atm[33]).
These local ‘‘hot spots’’ can act as nucleation or reaction
sites for numerous mechanisms, forming the basis for
the field of sonochemistry. The spontaneous formation
of cavitation can occur homogeneously, but in practice
most cavitation occurs heterogeneously at small gas
pockets or interfaces.[34] An important effect of cavita-
tion is microjet formation, in which a cavitation bubble
collapses asymmetrically near an interface and a jet of
liquid is driven at high speed into the interface.[35] This

jet can reach hundreds of meters per second, enhancing
the wettability of particles and surface reactions.[12]

During melt processing in a magnetic field, magneto-
hydrodynamics (MHD) can dominate the behavior of
conductive fluids.[36–38] When free electrons in the
conductive melt cross magnetic field lines, they induce
local eddy currents that in turn restrict further move-
ment.[37] This phenomenon results in conductive fluids
being ‘‘tied’’ to magnetic field lines, i.e., a portion of a
conductive fluid may travel along a field line unhin-
dered, but is restricted from crossing field lines. The
most prevalent effect for metallic melts in a magnetic
field is an increase in apparent melt viscosity.[39] This
results in reduced bulk motion of the conductive fluid,
advection, often changing the solidification behavior of
metals significantly.[40]

The combination of magnetic fields, acoustic power,
and temperature control enables a number of unique
experimental approaches. First, the damped convection
caused by the magnetic field allows for fundamental
studies on solidification behavior. Damped convection
limits the remelting and transport of dendrite arms, a
primarymechanism of equiaxed grain production,[41] and
would promote columnar growth.[42] Limiting convection
would also reduce macrosegregation of solutes.[43]

III. SKIN DEPTH EFFECTS

In the current geometry of liquid in a cylindrical
container, MAMT acoustic wave production may pro-
ceed by two vibration mechanisms: (1) using the crucible
as an acoustic source (crucible vibration) or (2) directly
vibrating the melt (melt vibration). The dominate
mechanism is determined by the skin effect.[44] When
an alternating current travels in a conductor, the current
density is the highest on the surface because of internally
induced current loops that in turn oppose bulk current
flow. The current density drops exponentially away
from the surface, by the relation in Eq. [4], in which J is
the current density [A/m2] at depth d, Js is the surface
current density [A/m2], and d is the skin depth.[45] The
skin depth is the depth from the surface at which the
current density has dropped to 1/e (or ~37 pct) of the
surface value, which is described in Eq. [5], where qr is
resistivity, f is the alternating current frequency, l0 is the
permeability of free space, and lr is the relative
permeability of the conductor.[45] Thus, 63 pct of the
current is within the skin depth. This factor determines
whether the major vibration source is the melt or
crucible (shown schematically in Figure 3).

J ¼ Jse
�d=d ½4�

d ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffi

qr
pfl0lr

r

½5�

The process of acoustic production for each of the
vibration mechanisms is quite distinct. In crucible
vibration, the entire crucible expands and contracts, so
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the displacement is dependent on the total induction
current in the crucible and the crucible thickness. As the
crucible vibrates, it acts as an acoustic source at the
crucible/melt interface, and acoustic waves produced at
the interface will propagate inward. This can be con-
trasted with melt vibration, where acoustic intensity is
dependent on the local induction current density in the
liquid,[25] and thus the sound is produced in a delocal-
ized fashion throughout the liquid. For example, for the
melt vibration mechanism shown in Figure 3, the
acoustic generation would be higher at a distance of
2 mm than 8 mm. It should be noted that there are
limits to how large the skin depth can be for effective
MAMT treatment. If the skin depth is too large, eddy
currents will overlap, negating each other, due to the
cylindrical nature of the system geometry.[45] Since skin
depth is dependent on frequency and the properties of
the crucible and melt, these factors should be considered
to control for acoustic performance.

In order to transition from a melt to crucible
vibration, the total current in the workpiece must be
examined so as to avoid extending the induced current
beyond the thickness of the crucible. This is accom-
plished by multiplying the current by the cumulative
distribution function of the skin depth, or the fraction of
total current within a certain depth. The cumulative
distribution function of a negative exponential such as
Eq. [4] is given in Eq. [6], with depth d and skin depth d.
If crucible thickness is substituted for d, then Eq. [6][46]

gives the fraction of the total current in the crucible.

F d; dð Þ ¼ 1� e�d=d ½6�

Next, two analytical models are developed that
describe acoustic production based on induction current
in the crucible or melt. The percentage of induction
current in the crucible from Eq. [6] indicates which
model is most appropriate. One necessary quantity
needed for the models is the total induction current.
Since the induction coil is helical and the workpiece is
cylindrical, this may be done following the transformer
equations for induction heating. Equation [7][45]

describes the current in the workpiece Iw, the number
of turns in the induction coil Nc, and the current in the
coil Ic.

Iw ¼ IcNc ½7�

IV. MODEL 1: MELT VIBRATION

As shown in Figure 3, the active mechanism depends
on the location of the induced current, whether it lies in
the crucible or the melt. If the induced current is located
primarily in the melt, the system is considered to be in
melt vibration. In order to mechanistically explore the
relationship between the physics, material properties,
and resultant acoustic behavior, a simplified model is
derived.
Before the acoustic pressure due to melt vibration can

be calculated, the distribution of induced current density
in the melt must be determined. First, the surface
current density, Js, from Eq. [4] will be calculated.
Taking the integral of Eq. [4] from 0 to ¥ and
multiplying by the height of the workpiece (hw) gives
the total current in Eq. [8]. Rearranging Eq. [8] gives the
surface current density in terms of induction and
material parameters (Eq. [9]). At this point, the skin
depth used is that for the metallic melt, not the crucible.

hw

Z

1

0

Jse
�d=ddd ¼ �hwJsde

�d=d
�

�

1
0
¼ hwJsd ¼ Iw ½8�

Js ¼
Iw
hwd

¼ IcNc

hwd
½9�

The local particle acceleration (a) due to the Lorentz
force is given in Eq. [10], where J is the current density,
B0 is the magnetic flux density, and ql is the density of
the melt.[25] Particle acceleration may be related to
acoustic pressure pac by Eq. [11], where c is the speed of
sound in a liquid, bad is the melt adiabatic compress-
ibility, and f is the frequency.[29] Because pressure is
directly dependent on the current density, it will
decrease away from the edge as a consequence of the
skin effect.

a ¼ JB0

ql
½10�

pac ¼
acql
2pf

¼ a

2pf

ffiffiffiffiffiffiffi

ql
bad

r

½11�

The final expression for acoustic pressure, assuming
melt sonication, is given in Eq. [12], a combination of
Eqs. [4], [9], [10], and [11]. It can be seen that the pressure
is proportional to both the induction current and the
static field. The influence of relative permeability is
minimal for liquid metals, since they are non-ferromag-

Fig. 3—Distribution of eddy currents for two situations, melt vibra-
tion seen in the current studies, and a crucible vibration, obtained by
varying frequency and crucible resistivity. The resistivity values were
chosen to illustrate the two vibration mechanisms on a singular plot.
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netic, with lr very close to 1. This will change for liquids
containing ferromagnetic particles, however. The pres-
sure is inversely proportional to the square root of
frequency, so, as frequency decreases, pressure increases.
Lowering the frequency will not increase the pressure
without limit. A lower frequency will increase the skin
depth, and if the skin depth approaches the radius of the
workpiece, induction (and therefore EMAT) becomes
much less effective.[45] Sound pressure can be related to
acoustic intensity (Iac) by Eq. [13].[29]

pac dð Þ ¼ IwB0

2pfdhw

ffiffiffiffiffiffiffiffiffiffiffi

1

qlbad

s

e�d=d ½12�

Iac ¼
p2ac
qlc

½13�

Experimental evidence in support of the melt vibra-
tion model was obtained by observing grain refinement
as a function of distance from the crucible wall under
MAMT, since it has been well documented that grain
size reduction scales with acoustic energy delivered
during solidification.[30,47–50] The critical component of
grain refinement is the presence of acoustic cavitation,
which is dependent on the acoustic pressure of waves
in a liquid. The acoustic pressure above which cavita-
tion occurs is called the cavitation threshold and is
usually 0.5 to 1.0 MPa for light alloy melts.[29,32] The
current material being investigated is pure Mg
inoculated with 1 vol pct Dy2O3 nanoparticles. The
Dy2O3 inoculant reduces the cavitation threshold to
below 0.5 MPa,[29] making the threshold more pre-
dictable than without an inoculant. This sample was
solidified in a 30 mm diameter, 0.5 mm thick stainless
steel crucible under a 20 T field with a 10 kHz

induction field active to a skin depth of 5.4 mm. The
sample was gas quenched, so solidified from the
outside in. More specific information regarding the
processing conditions is discussed elsewhere.[20] The
grain size of the cast material, along with the distri-
bution of acoustic pressure in the melt from Eq. [12],
can be seen in Figure 4. The sample solidified inward
from the edge, so the maximum acoustic pressure
available in the melt corresponds to the acoustic
pressure at the solid–liquid boundary (e.g., when the
sample had solidified 4 mm inward, the maximum
acoustic pressure was 1 MPa). It can be seen in
Figure 4 that, as the acoustic pressure drops below
the cavitation threshold, the grain size increases dra-
matically. This indicates that Eq. [21] is accurate in
predicting which areas of the melt experience cavita-
tion, given the specific set of process variables. The
black particles visible in Figure 4 are primarily Dy2O3

and did not contribute to the transition in grain size,
since they were found in equal area fractions through-
out the microstructure. These results can be compared
to pure Mg samples solidified under no field and only
an 18 T field, both of which exhibited columnar grains
greater than 2 mm in diameter.[20] Thus, the acoustic
field was primarily responsible for grain refinement.
Further studies are needed to determine if Eq. [12] is
accurate across a range of materials (with different
resistivity and density) and process inputs (like fre-
quency, field strength, and crucible size).

V. MODEL 2: CRUCIBLE VIBRATION

The second model assumes that all induction current is
containedwithin the cruciblewalls anddepends largely on
the geometric and elastic properties of the crucible.
Several assumptions are made in the model. The first is

Fig. 4—(a) Microstructure and (b) grain size and calculated acoustic pressure in Mg-Dy2O3 processed by MAMT. The region in which acoustic
pressure was greater than the cavitation threshold has refined grains.
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that the contained liquid and containment crucible are in
constant contact. Because of this, physical interactions of
the melt with the container (damping) are ignored.
Second, the alternating eddy currents and resultant
‘‘flexing’’ of the container by the Lorentz force are
presumed to be in phase. At high frequencies, both of
these assumptions will fail as inertial effects become more
dominant. For this calculation, all induction eddy cur-
rents are assumed to be in the crucible, so currents within
the melt are neglected for analytical simplicity.

First, the distribution of eddy currents in the crucible will
be calculated based on transformer equations and skin
depth. Second, the body forces due to the Lorentz
interaction are calculated. The subsequent deformation of
the container is determined, and its amplitude is related to
sound intensity. For the calculation of container deforma-
tion, the container is idealized as an unbound cylinder for
simplicity. An actual container is likely to be bound on one
side and consequently stiffer; in this case, the calculated
displacement amplitude will be an over-estimate.

Having described the distribution of current, the
Lorentz force due to the interaction of current and static
field is calculated. Equation [14] gives the vector form of
the Lorentz force FL, where I is the current, B0 is the
magnetic flux density, and the integral is with respect to
traveled distance c.[51] dc is an infinitesimal circumferen-
tial distance over which the current travels. Because c and
B0 are always perpendicular (B0 is in the axial direction of
the cylinder), the cross product in Eq. [14] can be
transformed into a direct multiplication in Eq. [15]. The
total force on the cylinder toward the central axis of the
cylinder (Ftot) is now calculated by integrating Eq. [15]
from 0 toCw. This resulting total force is given in Eq. [16].

FL ¼
Z

I dc� B0ð Þ ½14�

FL ¼
Z

IB0dc ½15�

Ftot ¼ IcrCwB0 ½16�

The total body force due to the Lorentz interaction
may be converted to and visualized as a pressure for ease
of analysis. This ‘‘pseudopressure’’ acts similarly to an
alternating hydrostatic pressure on the container and is
calculated by dividing Ftot by the external induction area
of the crucible, Cwhw, in Eq. [17]:

ppseudo ¼
Ftot

hwCw
¼ IcrCwB0

hwCw
¼ IcrB

hw
: ½17�

Next, the deflection of the crucible from this pressure
must be calculated. Equation [18] gives the radial
displacement of a cylinder dr, as a function of pressure
p, radius r, Young’s modulus E, and thickness t.[52]

Substituting Eq. [17] into [18] gives Eq. [19].

dr ¼
pr2

Et
½18�

dr ¼
IcrB0r

2

Ehwt
½19�

As previously mentioned, an assumption made for
this model is constant contact between the crucible and
liquid. If this is the case, then the crucible displacement
is equal to the local particle displacement in the liquid n
in Eq. [20]:

dr ¼ n ¼ IcrB0r
2

Ehwt
: ½20�

Particle displacement n may be related to acoustic
pressure (pac) as Eq. [21], where ql is the density of the
fluid, c is the speed of sound (Eq. [1]) in the fluid, f is the
frequency of the sound (equivalent to the induction
frequency),[29] and bad is the fluid adiabatic compress-
ibility.

pac ¼ 2pqlcfn ¼ 2pfn
ffiffiffiffiffiffiffi

ql
bad

r

½21�

Substituting Eq. [20] into Eq. [21] gives the acoustic
pressure at the crucible–melt boundary in Eq. [22]:

pac ¼
2pfIcrB0r

2

Ehwt

ffiffiffiffiffiffiffi

ql
bad

r

: ½22�

Based on Eqs. [12] and [22], frequency has a dominant
effect on the acoustic pressure. The previous models did
not account for inertia-limited displacement that occurs
at high frequency, however. At low harmonic loading
frequencies, an elastic material deforms proportionally
to the applied load. Conversely, at higher frequencies, a
phase lag between the load and displacement reduces the
magnitude of oscillation as inertial forces become more
dominant.[53] The current experimental setup precluded
experimental study of crucible vibration (Eq. [22]), but
this model could be useful for designing apparatuses for
the treatment of non-conductive liquids, such as in
aqueous systems.

VI. CONCLUSIONS

MAMT, a non-contact acoustic processing tech-
nology developed using a high magnetic field in con-
junction with induction heating, has significant promise
in impacting commercial casting applications with the
potential to apply heat, magnetic fields, and acoustic
energy to achieve novel material structures. Using a
high-field MAMT method, non-contacting ultrasonic
treatment can be applied to the processing of metal
alloys in either the solid or liquid phase. Molten metals
can be contained in crucibles that are readily penetrated
by the electromagnetic induction fields. The skin depth
of induction currents is a vital aspect of vibration
production in an MAMT system, determining whether
melt or crucible vibration is more active.
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Models of acoustic production for both conditions
were developed and presented. In comparing the two
models, it is clear that the mechanics of acoustic
production are quite distinct. For crucible vibration,
the source of acoustic waves is discrete at the crucible–
melt interface, as opposed to being delocalized for melt
vibration. Crucible vibration depends on extrinsic and
intrinsic properties of the crucible, but especially thick-
ness and radius. Melt vibration, on the other hand,
depends greatly on the conductivity of the liquid. The
resultant effects of this mechanism were clearly demon-
strated in an Mg-Dy2O3 casting. Frequency affects the
two models differently as well, but inertial effects will
eventually restrict acoustic production by both mechan-
isms. Both pressure models scale with induction current
density and magnetic flux density of the static field,
meaning that high acoustic pressures can be achieved by
increasing either of these parameters. The two models
developed in this work form a theoretical basis on which
future MAMT studies can be based, elucidating under
which conditions acoustic cavitation would be expected.
At intermediate skin depths, in which a considerable
percentage of induction currents are in the crucible and
melt, the mechanics of acoustic production will be more
complicated. This is because a phase lag between the
melt and crucible could cause impacts and shock waves
to propagate from the interface. Numerical multi-
physics models will likely be able to more accurately
represent the physics in the system[54–56] and should be
pursued in future studies.

While MAMT possesses the unique ability to apply
heat, magnetic fields, and acoustic fields, there are
challenges that must be overcome prior to widespread
industrial use. First, since a large bore superconducting
magnet is required for high magnetic fields, an applica-
tion that warrants the capital expenditure must be
identified. One possibility could be a high-throughput
liquid metal treatment in a pipe, for instance. Second,
any acoustic resonances of the crucible and insulation
would need to be identified and mitigated. Conversely,
resonance of the crucible could be exploited to increase
acoustic intensity in crucible vibration. Careful consid-
eration of induction power, magnetic field strength,
material conductivity, and system dimensions should be
used when evaluating the applicability of MAMT.
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