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Abstract Effect of a 0.2-T static magnetic field on the
microstructure of a direct chill cast Al-9.8wt%Zn alloy slab
was investigated. The static magnetic field transferred the
microstructure from a mixture of equiaxed and columnar
grains with the primary trunks growing in <100> direc-
tions to twinned lamellar feathery grains with the primary
and secondary arms growing in <110> directions. The
application of the static magnetic field results in the
reduction of the heat discharge and solute mixing capacity
through a damping effect on convection and thus a delay of
the melt transformation to solid and a request to reduce the
liquid/solid interface energy through reducing the interface
area due to the loss of undercooling. The delay and the
request account for the growth direction change and the
formation of lamellas. The difference between the Al and
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Zn atomic radii and the related incoming flow facilitate the
formation of the twins.

Introduction

Feathery grains, as specific and undesirable microstructure,
are occasionally spotted in aluminum alloys under certain
conditions during direct chill (DC) casting. Several efforts
have been made to reveal the crystallographic character-
istics and the formation conditions of this microstructure. It
was found [1, 2] that they are the result of a <110> den-
drite growth with each primary trunk split by a twin plane,
showing a transition of the growth direction from the usual
<100> to <110>. The twin plane is associated with
stacking faults which are favored by a strong shearing rate
related to convection, while the transition of the growth
direction is induced by solute additions and/or solidifica-
tion conditions (thermal gradient, growth rate, and melt
convection). It was further clarified that under forced flow
conditions the feathery growth is an intermediate case
between equiaxed and columnar growth and similar to the
growth of <100> regular dendrites with the competitive
branching—twinning mechanisms [3]. Despite many years
of investigations [1-6], the formation mechanism of
feathery grains is still not clearly understood and further
investigation is required.

Recently, the application of electromagnetic fields to
material processing, in the field of solid-state phase trans-
formation [7-11] and solidification [12—-17], has been
regarded as a new topic. As a unique means, introducing an
external static magnetic field to a DC casting may offer a
new chance to gain new insights into the formation
mechanism of the feathery grains. Since a static magnetic
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field can damp the convection in the bulk liquid which has
a great influence on heat and solute transfer, the micro-
structure will probably be changed accordingly. Based on
this, an Al-9.8wt%Zn slab was cast without and with a
static magnetic and the formation mechanism of feathery
grains was studied in this present work.

Experiment section

An Al-9.8wt%Zn slab with dimensions of 50 x 100 x
1000 mm was produced by a DC casting process. The
casting configuration is schematically illustrated in Fig. 1a.
The pouring temperature was 720 °C, and the casting speed
Vo was 3 mm/s. The melt was introduced to the mold by a
horizontal inlet through the short-dimensioned side of the
hot top. The first half of the slab was cast without switching
on a magnetic field, while the second half was cast under a
horizontal static magnetic field By with a nominal value of
0.2 T. The field was imposed perpendicularly to the casting
direction Vj, as shown in Fig. la. Two transverse slices
with dimensions of 50 x 100 x 20 mm to the casting
direction V, were cut out from the respective non-field cast
and field cast halves for macrostructure observation. After
macrostructure observation, specimens of dimensions

Surface 1
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. 7 e e I‘i—— Surface 3
/ e e V" \/\
L= X urface 2
Slab Slice Specimen
(b)

Fig. 1 Schematic diagram of a the DC casting configuration and b
the relative positions of the slice and the specimen in the cast slab. By,
Yy, and Vj, are the horizontal static magnetic field, pouring direction
and casting direction, respectively
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5 x 5 x 5 mm were further cut out from the slices for
microstructural analysis. The relative positions between the
specimen, slice and slab are schematically shown in
Fig. 1b. The microstructure observation was performed in
the transverse section to the casting direction V, (Surface
1), and in the two longitudinal sections, one parallel to the
field direction B, (Surface 2) and the other nearly per-
pendicular to By (Surface 3) as indicated in Fig. 1b to
obtain the 3D microstructural information.

The macrostructures of the two slices were etched with
NaOH (100 g/L) reagent for 8 min after mechanical pol-
ishing and then washed with HNO; (20%) reagent and taken
with an OLMPUS C8080WZ camera, while the micro-
structures were etched with Keller’s reagent (2 mL HF
(48%), 3 mL HCI (concentrated), 5 mL HNOj3 (concen-
trated), 190 mL H,O) for a few seconds and observed using
an OLYMPUS BX61 optical microscope. The crystallo-
graphic orientations of the microstructural constituents in
the non-field and field-treated specimens were measured and
analyzed by EBSD technique attached to a JOEL 6500F
SEM, equipped with Channel 5 software (a software pack-
age developed by HKL Technology A/S for measuring and
analyzing EBSD (back scattered electron diffraction pat-
tern) data to obtain microstructural and crystallographic
information of the measured materials) after an electrolytic
polishing (700 mL ethanol, 120 mL distilled water, 100 mL
2-butoxyethanol, and 80 mL perchloric acid 40 V, 5 s). The
EBSD mapping was performed with a step size of 2 pm.

Results

Figure 2 shows the cross-sectional macrostructures of the
non-field and field cast parts of the slab. It can be observed
that without the magnetic field the grains are mainly
equiaxed, while with the field the grains are lamellar.
The EBSD orientation micrographs from the cross
section and the longitudinal section (Surfaces 1 and 2 in
Fig. 1b) of the non-field and field cast specimens are shown
in Fig. 3. From the two perpendicular sections, the 3D
image of the microstructure can be figured out. It is found
that without the field (Fig. 3a, b), the microstructure con-
sists of equiaxed and columnar grains, while with the field,
the microstructure (Fig. 3c, d) is mostly composed of
feather-like lamellas that are usually called “feathery
crystals.” The red lines in Fig. 3¢ and d display the CSL
23 boundaries (we remind that CSL is the abbreviation of
coincident site lattice in which the orientations of the two
neigboring grains allow some lattice points of one grain
coincide exactly with some lattice points of the other grain,
see e.g. [18]). This boundary indicates that in cubic system
the two neighboring crystals are related to each other by a
60° rotation around the common <111> axis. It has been
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Fig. 2 Macrostructures of the
cross sections (to the casting
direction V;) of specimens cast
without (a) and with (b) a 0.2-T
static magnetic field

Fig. 3 EBSD orientation
micrographs of the cross section
and the longitudinal section
(Surfaces 1 and 2 in Fig. 1b) of
the non-field and field cast
specimens. a Surface 1 and b
Surface 2 of the non-field cast
specimen; ¢ Surface 1 and d
Surface 2 of the field cast
specimen. Straight and wavy
lines in Fig. 3c and d are X3
boundaries. The microstructure
enclosed in the white frame will
be further analyzed in Fig. 4

well clarified that in FCC structures this orientation rela-
tionship defines the twin relation between the two crystals
[19]. The twinning plane is {111} and twinning direction
is <11—2>. Figure 3c and d clearly reveal the feathery
character of the microstructure [1] obtained by magnetic
field casting. It is composed of thin lamellas, separated by
straight and wavy boundaries, most of which are X3
boundaries. The straight X3 boundaries represent the
coherent twin boundaries, while the wavy boundaries rep-
resent the incoherent twin boundaries. Columnar grains are
occasionally spotted, but their growth is often suppressed
by the feathery grains (i.e., 1 in Fig. 3d). Moreover, no X3
boundaries are found in Fig. 3a and b.

The grains of the non-field and field cast specimens
differ from each other also in crystallographic growth
direction. Figure 4a displays the <100> pole figure of the
columnar grains in the non-field cast specimen shown in

the right part of Fig. 3b. It can be observed that all grains
share one <100> pole that is enclosed in the black square
in Fig. 4a. The corresponding <100> direction is closely
parallel to the casting direction V, indicating that the
principal growth direction of the columnar grains is <100>.
Figure 4b shows the <110> pole figure of the feathery
grains enclosed in the white rectangle in Fig. 3d and the
zoomed micrograph. The black poles are from the left part
of the feathery grains and the gray ones in the circles from
the twinned right part. The poles in the rectangles are
common for both parts. The micrograph well reveals one
kind of secondary arms of the twinned feathery grain. From
the contour (O’'C’ and O'D’ in the micrograph of Fig. 4b) of
the secondary arms outlined by the dark contrast resulting
from the solute segregation, it can be observed that they go
continuously from the straight twinning boundary to the
wavy boundaries that separate the adjacent feathery
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Fig. 4 a <100> Pole figure
corresponding to the right part
of the microstructure in Fig. 3b.
b <110> Pole figure of the
corresponding feathery grains
enclosed in the white rectangle
in Fig. 3d and the zoomed
micrograph

(a)

crystals, evidencing that the sectioning plane is parallel to
the main axis of these secondary arms. The projection lines
of the [110] (Line OD) and [110], (Line OC) in Fig. 4b are
very close to the true [110] and [110]; crystal lines as their
poles are close to the outer circle of the pole figure (The
index “t” refers to the twinned part as opposed to the
matrix). In addition, OC and OD are, respectively, parallel
to the secondary arm traces O'C’ and O’'D’ in the micro-
graph. This indicates that these secondary arms grow along
<110> directions.

To find out the primary trunk and other possible sec-
ondary arms, and their growth directions, the microstructure
on the (111) plane (the twinning plane, corresponding to
Surface 3 in Fig. 1b) was etched out and is shown in Fig. 5.
The related <110> pole figure is also displayed in the same
figure. The micrograph in Fig. 5 clearly indicates the con-
figuration of the primary trunk and the secondary arms that
are distributed on both sides of the primary trunk. Following
the same analyzing principles described above, it is found
that the growth directions of the primary trunk (O’A’) and
those of the two secondary arms (O’'C’ and O’B’) correspond
to the poles A, B, and C in the <110> pole figure. Thus,
their growth directions can be determined as <110>.

<110> -Vo

9]
o

Yo

[0-11]

Fig. 5 Microstructure on the {111} twinning plane (corresponding to
Surface 3 in Fig. 1b and the corresponding <110> pole figure
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<110> -V,

(b)

It should be noted that each of these secondary arms should
possess a twinned counterpart with respect to the (111)
twinning plane.

Discussion

For small slab casting, as in the case of the present study,
columnar grains are generally expected due to the approx-
imate one-dimensional heat transfer in normal continuous
casting condition (without a magnetic field) except those
equiaxed grains forming in the peripheral region near the
mold surface. However, dendrite fragmentation and sub-
sequent crystal multiplication during solidification can
happen due to convection [20, 21]. When a secondary
branch of a columnar dendrite initially forms, an increase in
the local temperature or shearing force due to convection
can detach it from the dendrite. These fragments act as seeds
for the equiaxed grains if the thermal and compositional
conditions are appropriate. In this present experiment, this
convection in the bulk liquid can be induced both by the
temperature and solute concentration difference (natural
convection), and mold filling (forced convection). More-
over, equiaxed grains can also probably grow from
predendritic crystals which are formed during pouring at or
near the mold and brought to the bulk by convection with
some surviving. Thus, equiaxed and columnar grains coexist
in the non-field cast sample (Fig. 3a, b).

When a static magnetic field is applied to the second
half of the slab, the convection condition in the bulk liquid
is modified. It is known that when the electroconducting
melt crosses a static magnetic field B, an electric current J
in a direction perpendicular to the fluid velocity V and the
magnetic field B will be induced. The interaction of this
current J with the applied magnetic field B leads to a
Lorentz force J x B that damps the melt motion [22-24].
The effectiveness of the magnetic field in damping the
convection is generally weighed by the value of Hartman
number uBL+/a/n, [25], where p is the relative magnetic
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permeability (u = 1) [26], B is the magnetic field strength
(0.2 T), L is a characteristic length of the system, ¢ is
electrical conductivity, and 7 is viscosity of the melt.
Here, half width of the short-dimensioned side of the mold
(0.025 m) is taken as the characteristic length of the system
[26]. At 727 °C (close to the pouring temperature), the
respective electrical conductivities of the pure aluminum
and the aluminum with 70-80% zinc are 4 x 10° Q™' m™'
and 2.63 x 10° Q! m_l, while the respective viscosities
of the pure aluminum and the aluminum with 30% zinc are
1.718 x 107> Pa-s [27] and 2.23 x 107> Pa-s [28]. It is
known that the electrical conductivity of the aluminum
lineally decreases with the increase of zinc content, while
the viscosity is just the opposite, i.e., it lineally increases
with the increase of zinc in proportion [29]. In this present
work, we can easily interpolate the respective electrical
conductivity ¢ and the viscosity u for the used alloy. They
are 3.82 x 10°Q "' m™' and 1.89 x 107> Pa. The Hart-
man number for the present growth conditions is 224.8. It
has been proved that the convection was completely
damped with a Hartman number of 54 by a vertical mag-
netic field during Czochralski growth of molten gallium
[30]. Therefore, with such a large Hartman number 224.8
in the present conditions, it can be indicated that the melt
motion in the direction of Y, and Vj is effectively weak-
ened by the field. In other words, the effective viscosity of
the melt (magnetic viscosity induced by the magnetic field
and the viscosity in its own) is remarkably enhanced by the
field. Here, it should be mentioned that the magnetic vis-
cosity plays a leading role in the present study as the
Hartman number is much larger than 1(224.8 > 1).

It is well known that the convection heat and mass
transfer ability decreases with the increase of viscosity.
Therefore, the direct influence of the damping effect is that
it reduces the heat discharge into the mold and the solid
and lowers the solute mixing capacity of the melt. Thus, the
superheat evacuation of the melt in the bulk liquid
decreases and the latent heat generated by solidification
and the solute atoms with low melting point—Zn in the
present case—concentrates at the solid/liquid interface.
The concentrated latent heat raises the solid front temper-
ature and the segregated solute atoms lower the melting
point of the melt at the same front. Both result in the
decrease of the undercooling degree, as the undercooling
degree is the temperature difference between the melting
point and the real solidification temperature, i.e., the solid
front temperature. It should also be noted that the solidi-
fication of the first half of the slab provides the same
contribution to latent heat and solute enrichment and fur-
ther decreases the undercooling degree at the solid front.
The reduction of the superheat evacuation delays the melt
transformation from the liquid to solid [31] and the loss of
undercooling requests to lower the solid/liquid macro

interfacial energy according to the thermodynamic theory.
The solidification path with lower interfacial energy is then
triggered. This may account for the growth direction
change from <100> (columnar grain) to <110> (feathery
grain) and result in the morphology change (from mixed
columnar and equiaxed grains to lamellar crystals).

It has been proved that in most metal systems with
dendritic growth character, the solid/liquid interface is
rough and exposes a lot of sides for the attachment of
atoms from the liquid [32]. In the low undercooling con-
dition, reducing interfacial area means lowering its
microscopic roughness. A more flat interface would be an
ideal configuration. The <110> primary trunk surrounded
by symmetrically distributed up-flow secondary <110>
arms could offer a microscopically flatter solid/liquid front,
as shown in Fig. 6b, when compared with the solid/liquid
front with mixed equiaxed and columnar grains as in the
case of the first half of slab cast without a magnetic field.
The arrangement of the parallel primary trunks with the
same surrounding secondary arms in one direction forms
one-twinned feathery lamella and the packing of the
identical lamellas in the perpendicular direction forms a
cluster of feathery crystals. This would offer a large stretch
of low roughness solid/liquid interface. In this way, large
clusters of the feathery lamellas appear.

Furthermore, the effective damping of convection by the
magnetic field decreases the detachment of fragments from
the secondary arms that act as seeds for equiaxed grains
and usually block the growth of columnar grains. Thus, the
field provides a favorable environment and promotes the
growth of feathery grains.

Incoming ﬂowi ¢ ¢
Incoming ﬂow¢ ¢ ¢

(S

[11-2]

[111]
[-110] A B C B A

(a)

Fig. 6 Schematic illustration of a (111) Stacking fault induced by the
atomic radius difference between aluminum and zinc and the
incoming flow; b the symmetrical distribution of the secondary arms
around the primary trunk in the feathery crystal. In (a), it is a
projection of atoms on (—110) plane. Z, and Z, are zinc atoms and
the others are aluminum atoms. The aluminum atoms in B’ layer
below Z; and Z, are pushed down and assume a mirror reflection
position of the atoms in B with respect to the layer C

@ Springer



1068

J Mater Sci (2009) 44:1063-1068

Conclusions

The solidification microstructure of the Al-9.8wt%Zn alloy
changes from the equiaxed and columnar grains to the
lamellar feathery grains accompanied by the crystallo-
graphic growth direction change from <100> to <110>
after the application of a static magnetic field. By damping
convection, the field decreases the heat discharge and
solute mixing capacity and thus results in the reduction of
the superheat evacuation of the melt in the bulk liquid and
the loss of undercooling degree at the liquid/solid front.
The reduction of the superheat evacuation changes the
crystalline growth direction of the solidified dendrite from
the normal non-close packed <100> to the close packed
<110> to accommodate the delay of the melt transfor-
mation from the liquid to solid. With the change of the
growth direction, the segregation of Zn atoms having dif-
ferent atomic radius from Al at the solid front and the
related incoming flow give rise to the formation of twinned
crystals. Moreover, the request to reduce the solid/liquid
interfacial energy related to the loss of undercooling
through reducing microscopic interfacial roughness con-
tributes to the formation of lamellar feathery crystals.
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