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Abstract OT he microstructure and the corrosion property of A261 magnesium alloy stimed by permanent magnet [PM Owere

investigated. Based on the principle of electromagnetic f eld and magnetohydrodynamics. the force field of liquid metal in a

PM field was analyzed. As aresultOliquid metal in a PM experiences radial and tangential forces that are cyclically variational

both in direction and magnitude. This phenomenonlnamely electromagnetic vibrationOinf uences matrix microstructured

ubsequently affects corroson property of the matrix.
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1 Introduction

Electromagnetic processing of materials is an impo-
rtant technology developed by combining the magneto-
hydrodynamics IMHD Oand the casting engineering to
improve the properties and performances of materialsc'.z].
MHD is a subject concerning f ow pattern of f uid under
electromagnetic f elddmaking use of the action between
the electromagnetic f eld and the f uidOw hick is widely
investigated. It is well known that the mos important
characteristic of magnetic f eld is its capacity to inject
thermal and mechanical energy into materials without
contact between the materials and the powcr sourcc [3]
which can produce drivingOstirring Opurifying Otransmii-
tting or shape-control etc. Electromagnetic stirring (EM SO
is one of theimportant MHD applications@l

Fluid f ow during alloy solidif cation isknown to be
important to affect the melt distribution and solidif ca-
tion microstructures. EM S can control melt f ow pattern
to improve solidif cation microstructures. In recent years(d
the magnetic energy of magnetic materials has been
field
produced by permanent magnet [(PM [J5lCland it is possible

increased obviously. High magnetic can be
to control the f ow of liquid metal by PM stirring.
The present study analyzes the force f led in PM

f eld0and invedigates the microgructure and corrosion
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prapaty of A26 1megnesuma loy.

2 Experimental Apparatus and Proce-
dure

The schematic of the experimental apparatus is
shown in Fig.l. Ferromagnetic materialCNbFeB perma-
nent magnet (PM I for which BfDmax can reach 400
kJ/m3IJwas chosen and arranged as shown in Fig.20and
driven by electric motor. The height of PM is 20 mm.

Fig.l Schematic of permanent magnetic force driving apparatus
and its principle Il 0Omolten metal surface positiond

[20Opermanent magnetic force driverOand [(BOstainless
geel mold
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The inner container is made of stainless steelOw hich was
preheated t0 400'C. Commercial A26 1 magnesium alloy
was investigated and its chemical composition is shown
in Table |. The alloy was meltdand then cast into the
container at 730'C-740@. At the same timelelectric
motor startedd and the rotative velocity of PM was
controlled at 15 r/s0 10 r/s and o r/slrespectively. T he
ingots were air cooleddwith a diameter of 30 mm and
height of 100 mm.

Fig.2 Calculation model of PM stirring magnetic
forcein molten metal

Table!l Chemical composition of A261 alloy [W/% O

Al Zn Fe Si Cu Ni MS
5.7 0.98 0.008 0.009 .0009 0.003 Bal.

The solidified specimens were taken from the ingot
at the position the PM applied. The microstructure was
observed by optical microscope and electron probe using
a Shimadzu EPM A-1600 microprobe. Potentiody namic
polarization curves were measured using an electroche-
mical measurement system JPotentiostat & Galvanostat
M odel CP6. Test solution was MglOH [ saturated 3.5%

NaCl solutionOwhich was exposed to the air. The scan
rate was 60 mV/min.

3 Theoretical Analysis of PM Drive

Stirring of the permanent magnet changes the
magnetic f eld at the domain of the molten metal pool.
The changing magnetic feld produces an induced
current. A s aresultCthe interaction of the induced current
and the magnetic f eld will generate an electromagnetic
body force [Lorentz Force(w hich movesthe liquid metal
Under the M HD approximationthe Maxwell's equations
MO to BO and Ohm's equation [40 are shown as
fAlowsdgO

VXE=_ploH/8n
VXH=1J
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Fang Canfeng et al (Research on A261 MagnesumA lloy by Electromagnetic Siring and Force Field A naly sis 171

V-H=0 B8O

J=alE+ 0Oy xHDO A0
where E- theelectric f eld H- the intensity of magnetic
fieldOt- timeOp- the magnetic permeability [#n X 10-7
for SI unitsdand J-  the electric current density.

After solving Eqs [0 to [ the electric and
magnetic f elds can be obtained. Then the electrom-
agnetic body force FEcan be derived by using Eqs(b0

FE=MW0) xH =J xB 050

Fig.2 shows the calculating model of PM stirring
magnetic force. Because the arc radian and the volume
of PM body are adequatethe magnetic f eld intheliquid
metal can approximately be regarded as seady magnetic
f eld. From Egs. 010 to b[IJthe electromagnetic body
force applying to the liquid metal can be written in term
of the following equation [(6[0due to the relative motion
between PM and liquid metaldin which the direction of
the electric current density J is always perpendicular to
the magnetic f ux density B .

FE= JBsin8 = anx B 2sin ot 060
w here a-the electric conductivity of liquid metalldo-the
angular velocity of the PM driveldr-the radius of local
melt.

Its orientation on the left side of x-axis is negativel
positive on the right side of x-axis. So the melt
experiences electrom agnetic body force that is cyclically
variational in orientation and magnitude.

3.1 Inf nitesimal analysis of radial force

The liquid metal experiences the co-effect of
electromagnetic and centrifugal forces produced by
rotational PM . For the distance rOinf nitesimal volume
experiments the radial force obtained by superimposed
force.

An inf nitesimal volume [t - drl2[@ Qdrdz isselected
as shown in Fig.2. Its mass center is located at the arc
whose radius is r - drl2. When the inf nitesimal volume

revolves as the PM revolutionOit generates centrifugal
force[']

dFc =p r - & [zn ZdOdrdz o

The radial component force of electromagnetic force the
inf nitesimal volume experimentsis given by

dFEO=FEr 0 _@ MQdrdz

o8 o

laoB20 _ ® [Rsin 2otddrdz

With r0 drCtheradial pressure intensity produced Py the
inf nitesimal volume can be expressed asl

dF dFc + dFE

P00 god, - rdodz
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=rpo2- OenB 2sin2acx(dr Q0

The radial pressure intensity of center of circle is equal

to zero. Integrating MOfrom center of circle to r OO
becomes

| nzD2

Pr=02 0Opowz- sin 2 0t ¥ 2 _ r@0O 010 O

Because variation of FHi is cyclic in orientation and
magnitudedFrvaries cyclically as shown in Fig.3a. But
due to Fe is higher than FErJthe orientation of Pr iS
invariant.
3.2 Inf nitesimal analysis of tangential force

In this conditionOthe tangential force Ftis only onel
namely the tangential component force of electroma-
gnetic force

Ft=FEt= FEsinO=o0omrB 2sin2 ot mig
Fttakes positive valve due to its rotation direction same
as . Its direction isinvariable. Its magnitudelhowev erl]
varies cyclically [see Fig.3b0

Based on the above analysisit can be considered
that infinitesimal volume experiences the effect of radial
and tangential forces that vary cyclicallyd namely
electromagnetic vibration. This effect will inf uence the

f ow pattern of liquid metal and solidif cation process.

Fig.3 Forces acting on volume element of liquid meta

in direction of [(Adradiusand [bOtangent

4 Resultsand Discussions

4.1 Microstructural observations

The microstructures of the magnesium alloys girred
using PM are shown in Fig.4. The as-cast A261 dloy is

030

characterized by a solid solution dructure a with
eutectic O p and p M gr(A li20phase at grain boundaries.
At different ratating speedslthe grain sizes at specimen
edge are smaller than those at the centerdand more
p-Mgl7A 1122phases precipitate relatively. The PM stirring
results in decreasing of grain sized increasing and
uniformly distributing p phase. From quantitative
metallographic analysislthere is 17.68 percent of p
phase in sample a(128.26 percent in sample b and 1541
percent in sample c. This indicates that PM stirring
favors microgructure refinement and precipitate of 0O
phase. But the amount of p phase precipitates decreases
when the speed of PM rotation increases from 10 r/s to
15 r/s. Thereason isOwith increasing of rotation velocity

of PMOthe inf uence of FEr on Fe decreases. In other

words[] the strength of electromagnetic vibration is
reduced.

Fig4 Optical micrographs of A2 61 magnesium alloysstirred
by permanent magnetic Olalthe edge of specimen15 r/s
b Othe center of specimen15 r/sOkOthe edge of speci-
men0Ol Or/sOdOthe center of specimen10 r/sClelthe

edge of specimenOr/sOF0Othe center of specimenOr/s

4.2 Electrochemical behavior

The uniformity and more precipitation of /3 phase
have great effects on the properties of magnesium alloys.
In Mg-Al alloyO[3-Mg17A1l12 phase plays a dual role in
corrosion according to its contentOthe /3 phase can act
either as a barrier or as a galvanic cathode@]. Fig.5
show s that the cathodic hydrogen evolution rates under
these three conditions increases in the following order b
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< c <a. From Fig.4Cthe O phase precipitate increasesin
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Fig.5 Polarization curvesfor samples taM Mand k0

in 3.5 mol/L NaClltegedtively

the order[lt < a< b. Thisphenomenon can be explained
that a little increase of p phase will accelerate the
corrosion of the matrix by a galvanic effect. Because of
the existence of large amount of /3 phase in sample blthe
f3 phase acts as a barrier inf uencelJand improves the
corrosion resistance of the matrix. In other wordsOthe
precipitation amount of f3 phase does not increase with
increasing of speed of PM rotationOand the increase of
the content of p phase does not imply that the matrix has

a better corrosion resistance

0 Conclusions

10Be consistent with the type of PM stirring casting O
the theoretical inf nitesimal analyses of radial and
tangential forces experienced by liquid metal have been
conductd .

20 There is strong correlation between materials
microgructure and PM stirring. Moreovermicrostruc-
ture has an inf uence on matrix corrosion property.
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