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Effect of traveling magnetic field on gas porosity during solidification

XU Yan-jin, SU Yan-qing, LUO Liang-shun, LI Xin-zhong,
LIU Jiang-ping, GUO Jing-jie, CHEN Rui-run, FU Heng-zhi

School of Materials Science and Engineering, Harbin Institute of Technology, Harbin 150001, China

Received 18 June 2010; accepted 26 May 2011

Abstract: The effects of traveling magnetic field on degassing of aluminum alloys were investigated, and the critical radius of the
pores was calculated. The results show that the critical radius of the pores decreases with increasing the magnetic density linearly
when the traveling magnetic field is applied during solidification, and the use of traveling magnetic field promotes the heterogeneous
nucleation of pores. After the gas dissolved in the metal liquid accumulates to form large bubbles, the traveling magnetic field forces
the bubbles to the surface of molten metal, so the gas is easy to separate from the melt in the liquid stage. The number of pores in the
sample decreases with increasing the intensity of traveling magnetic field.
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1 Introduction

The application of aluminum castings in automotive
and aerospace industries has risen significantly in recent
years. Therefore, they are seeking methods for producing
components with better mechanical properties at reduced
cost. One of the most important types of defects that can
form in cast products is porosity. There are many types
of porosities, but the microporosity is the most severe.
Microporosity has a strong negative effect on mechanical
properties, especially on ductility and fatigue life,
because internal pores act as local stress concentrators
and crack initiation sites [1—2]. Thus, the microporosity
elimination process is critical to achieving a high-quality
final product. Hydrogen is the gas that is appreciably
soluble in molten aluminum [3—5]. Several methods are
currently used to degas aluminum. These methods
include rotary degassing using nitrogen or argon or
mixture of either of these with chlorine as a purge gas
[5—6], tablet degassing using hexachloroethane [5, 7],
vacuum degassing [7—10], and ultrasonic degassing
[11—13]. There are two main causes of microporosities in
castings: shrinkage porosity due to the volume change in
solidification combined with restricted feeding of liquid
to the final solidification region; and gas porosity due to
the condensation of dissolved gases in the melt frozen, as

a result of the difference in solubility of such gases in the
liquid and solid phases [1-2]. It is well known that the
microporosity is difficult to eliminate because of the
hydrostatic tension in liquids. In order to eliminate the
microporosity, the pores must be allowed to nucleate and
grow up firstly. The role of fluid flow during the
solidification of metallic alloys is complex and important,
by which both the shrinkage porosity and the gas
porosity are affected. Such fluid flow arises from either
natural or forced convection. The natural convection is
driven by the variations in density, whilst the forced
convection can arise from mechanical or electromagnetic
stirring [14—15]. However, the mechanisms of the
electromagnetic degassing are not yet clear. And fewer
work has been done to investigate traveling magnetic
field degassing of aluminum alloys. The purpose of this
investigation is to assess the effect of the traveling
magnetic field (TMF) on the porosity during
solidification. With this purpose a traveling magnetic
field equipment is developed, the influence of the
traveling magnetic field on porosities of hypoeutectic
Al-10.3%Si alloy is investigated, and the mechanisms of
the traveling magnetic field degassing are discussed.

2 Experimental

The experiment apparatus is based on a traveling
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magnetic field generator, which is able to deliver a
magnetic flux density of up to 120 mT at the center of a
bore with 160 mm in diameter (Fig. 1). It is designed and
assembled to hold the sample as firmly as possible when
the traveling magnetic fields are induced. The sample,
which is cylindrical, with a diameter of 16 mm and a
length of 100 mm, was placed in a quartz tube fixed in
the center of the bore by a stainless-steel frame with an
equipment that controls the cooling rate outside. An
electric heating furnace, which was also originally
developed for this purpose and was removable through
the opening of the upper cylinder, was used to heat and
melt the sample. The furnace was removed when the
traveling magnetic field generator worked.
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Fig. 1 Schematic of experimental apparatus

The Al alloys were melted in an electric furnace and
cast into a graphite mold to produce 16-mm-diameter
rods. The rods were then cut into 100 mm long pieces to
be used as samples.

Before the magnitude of the traveling magnetic field
reached a preset density of 15, 30 and 45 mT, the sample
was placed at the center of the traveling magnetic field
generator, and the heating furnace was set around the
sample and turned on to heat and melt it up to 1 023 K.
The molten sample was kept at this temperature for
2 min before the furnace was removed.

3 Result and discussion

3.1 Effect of traveling magnetic field on critical radius
of pore

If the local pressure in the liquid is p., an amount of
work p.V is needed to push back the liquid away enough
to create a bubble of volume V. The formation and
stretching of the new liquid/gas interface requires work
7S, where 7 is the interfacial energy per unit area, and S is
the area of the bubble. The work required to fill the
bubble with vapor or gas at pressure p; is negative and

equal to —p;V[1, 4]. Thus the total work is
AG = 4nzR* +(4/3)nR* (p. — p;) (1)

where (p.—p;) is the pressure difference between the
exterior and interior of the bubble, which can be written
as Ap for convenience. Similarly to dense phase
nucleation, the critical radius R. in this case is

R, =27/AP )

In the case that the TMF was applied, the coil of
radius r, was positioned at z., from the formulation
calculated by Yesilyurt, the Fyyerage 1S
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In the case of three coils, and w;=w,=w;=w, and
¢1=0, p,=27/3, p;=41/3, Eq. (3) becomes
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And the pressure pryvr induced by the electric
magnetic force is negative, and obtained as:

Pt™mrF ® 2Faverage COSH/(TU"z) (6)

For the difference of electrical conductivity between
the liquid and the gas, the total work is

AG = 4nR> +(4/3)nR’ (p, — pi = Prur) (7
and the critical radius R, here is
R, =27 /(Ap = pryr) ®)

When the electromagnetic magnetic field intensities
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are 15, 20, 25, 30, 35, 40 and 45 mT, from Egs. (2) and
(8), the R./R. values are obtained as shown in Fig. 2.
From Fig. 2, we know that the critical radius R, in the
case with TMF is lower than that in the case without
TMF. The R, decreases with increasing the magnetic
field density linearly. So in the latter case the pores are
easy to create and grow up. In fact, the pressures
required for nucleation are extremely high. It is clear that
the strengths of liquid metals are almost as high as those
of solid metals, since their atom structures are similar,
and it is difficult to force them apart to create a void for
nucleation. When the TMF is applied, the presence of the
electric force reduces the surface tension of the liquid
metals. For the difference of conductivity between the
nonmetal and the metals in the liquid, the liquid metal is
pushed away from the nonmetal by the electromagnetic
force, and a void is easy to create. So the surface of the
nonmetal is not wetted, which is a favored site for the
nucleation of the pore. From the classical heterogeneous
nucleation theory, we know that not all the inclusions are
good nucleation sites for porosities. Those well wetted
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Fig. 2 Curve of R, /R, with various magnetic field intensity

will not be favored. The good nuclei must not be wetted.
And when the contact angle exceeds 60° or 70°, the
nucleation on the solid surface becomes favorable [1]. So,
when the traveling magnetic field is applied during
solidification, the critical radius decreases with
increasing the magnetic density. And the use of traveling
magnetic field promotes the heterogeneous nucleation of
pores.

3.2 Effect of traveling magnetic field on distribution
of pores during solidification

GERNEZ demonstrated that crystalline solids which
had been grown in the liquid, and had never been
allowed to come into contact with air, were incapable of
inducing effervescence in a liquid supersaturated with
gas. Otherwise, the gas dissolved in the liquid metal that
will be degassed must be allowed to form a bubble firstly
[1]. The role of fluid flow during the solidification of
metallic alloys is complex and important for the
distribution of the pores. Such fluid flow arises from
either natural or forced convection. The natural
convection is driven by the variations in density, whilst
the forced convection can arise from the traveling
magnetic field. In order to access the direct effect of the
traveling magnetic field on the distribution of the gas
pores, a novel method was designed and carried out. The
rods of Al-10.3%Si alloy were prepared. The rods were
set into the tube of quartz and was not allowed to come
into contact with air. In our experiment, the quartz reacts
with the alloy when the liquid metal solidified, and a film
appears outside and wraps the rod, so that the gas cannot
be degassed out of the tube. Figure 3 shows the surface
pores observed by stereoscopy in Al-10.3%Si alloy with
an applied traveling magnetic field under different
solidification stages. The results show that the
application of traveling magnetic field can separate the

(a) Applying traveling magnetic field until molten metal is cooled down to 873 K; (b) Applying traveling magnetic field at the early

stage (1/3) of solidification; (c) Applying traveling magnetic field at the middle stage (1/3) of solidification; (d) Applying traveling

magnetic field at the last stage (1/3) of solidification
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Fig. 4 Surface pores observed by stereoscopy in Al-10.3%Si alloy with traveling magnetic field under different solidification stages:

(a) Applying traveling magnetic field until molten metal is cooled down to 873 K and then water-quenching; (b) Without traveling

magnetic field until molten metal is cooled down to 873 K and then water-quenching; (c) Applying traveling magnetic field during

the crystal growth stage and then water-quenching; (d) Without traveling magnetic field after crystal growth stage and then

water-quenching

gas pores from the parent melt to the melt surface
effectively. The maximum number of the surface pores
can be seen in Fig. 3(a), indicating that in liquid phase
stage the gas is easy to separate from the metal liquid.
The results shown in Fig. 4 also support the idea above.
During the solidification, some gas enriched between the
melt and the quartz tube will degas through the gap
between the tube and metal liquid. In order to keep the
surface pores as many as possible, the sample was
water-quenched after the traveling magnetic field
treatment. The results show that the traveling magnetic
field can separate the gas from the melt, and in the liquid
stage, the gas is easy to enrich in the gap between the
quartz tube and the metal liquid.

The principle of the traveling magnetic field
separation method is that when the melt is exposed to the
traveling magnetic field, the electromagnetic force will
be induced in the liquid metal but fewer in the gas
porosities due to the lower electric conductivity. The
schematic diagram of the electromagnetic forces is
shown in Fig. 5. The electromagnetic force induced in
Al-10.3%Si melt can be described as axial and radial
components. When the melt containing gas porosities is
exposed to the traveling magnetic field, the
electromagnetic Archimedes force will act on the gas
porosities because of the difference in the electrical
conductivity between the gas porosities and the parent
melt, and the direction of the -electromagnetic
Archimedes force is opposite to the electromagnetic
force of the melt. Figure 6 shows the porosity levels in
the traveling magnetic field treated samples, which were
solidified from 1 023 K at a cooling rate of 30 K/min
under the traveling magnetic field intensity of 0, 15, 30,

4 melt

Archimedes
| electromagnetic
force

— Gas pore

L Al-10.3%Si melt
— TMF generator

Fig. 5 Principle of traveling magnetic field separation method

Fig. 6 Porosities in Al-10.3%Si alloy with traveling magnetic
field under different intensities: (a) 0 mT; (b) 15 mT; (¢) 30 mT;
(d) 45 mT
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45 mT, respectively. The result shows that traveling
magnetic field treatment can degas effectively, and the
number of the pores in the sample decreases with
increasing the traveling magnetic field intensity.

Generally, traveling magnetic field degassing can be
divided into three stages: nucleation of cavitation
bubbles and growth of the bubbles due to the diffusion of
hydrogen atoms from the surrounding melt to the
bubbles, coalescence of bubbles to form large bubbles,
and the large bubbles moving to the surface of the
molten metal and escape of the bubbles at the melt
surface.

4 Conclusions

1) When the traveling magnetic field is applied
during solidification, the critical radius of pores
decreases with increasing the magnetic density. And the
use of traveling magnetic field promotes the
heterogeneous nucleation of pores.

2) After the gas dissolved in the metal liquid
accumulates to form large bubbles, the traveling
magnetic field forces the bubbles to the surface of molten
metal, so the gas is easy to separate from the melt in the
liquid stage. The number of the porosities in the sample
decreases with increasing the traveling magnetic field
intensity.
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