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Abstract

Zinc bicrystals with 89� h1 0 �11 0i symmetric tilt boundary inclined at different angles to the free surfaces are annealed
in the field of 17 T. Boundaries migrate reorienting almost perpendicular to the surfaces. The observed effect is due to

combination of magnetically induced and capillarity driven boundary migration. The absolute boundary mobility was

measured to be about 2:5� 10�8 m4/J s.
� 2002 Acta Materialia Inc. Published by Elsevier Science Ltd. All rights reserved.
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1. Introduction

The effect of magnetic field on migrating grain

boundary has been established in polycrystalline

bismuth by Mullins [1]. Later Molodov et al. [2,3]

have observed magnetically induced boundary

migration in specially grown bismuth bicrystals

with planar boundaries. It has been also found out

that boundaries originally inclined to the free
surfaces change inclination to become perpendic-

ular to the free surfaces, which minimized the

boundary area. Matsuzaki et al. [4] have reported

that the rate of capillarity driven boundary mi-
gration in Fe–2.5%Si alloy bicrystals increases in

the presence of magnetic field. In experiments with

Zn bicrystals containing 86� h1 1 �22 0i tilt boundary
Konijnenberg et al. [5] have shown, that also in

zinc the magnetic anisotropy is pronounced well

enough to drive grain boundaries in magnetic field

with a strength of 20 MA/m. Recently, it has been

demonstrated that crystallographic texture in
Zn–1.1%Al can be affected drastically by a high

magnetic field and that these texture changes are

related to magnetically induced boundary migra-

tion [6]. In magnetically anisotropic materials the

additional driving force for boundary migration

(grain growth) is exerted by the difference in the

magnetic free energy in neighboring grains differ-

ently oriented with respect to the field. If the vol-
ume density of the magnetic free energy x in a

crystal induced by a uniform magnetic field is
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independent on crystal shape and size (the condition

for this is v � 1) then the magnetic driving force

acting on the boundary of two crystals that have

different magnetic susceptibilities is given by [1]:

p ¼ x1 � x2 ¼
l0H

2

2
ðv1 � v2Þ; ð1Þ

where v1 and v2 are the susceptibilities of crystal 1
and 2, respectively, along the magnet field H .
In most of the anisotropic diamagnetic materi-

als the anisotropy of magnetic susceptibility is

significantly smaller than in bismuth. Therefore,
observations of magnetically induced boundary

displacement in Zn bicrystals [5] and texture

development in Zn alloy [6] have established a

‘‘new’’ class of diamagnetic materials whose grain

boundaries are susceptible to magnetically induced

migration in the direct current fields available

nowadays. Drastic changes in texture of Zn–

1.1%Al alloy in a high field occurs due to addi-
tional driving force for grain growth exerted by

magnetic anisotropy of Zn [6]. The aim of this

work is to study the behavior of originally planar

individual boundaries in Zn bicrystals in a high

magnetic field in the presence of capillary driving

force for boundary displacement distinguishing the

role of each driving force in the process of

boundary migration.

2. Experimental procedure

Zinc bicrystals (99.995%) of two types con-

taining a 88:7�	 0:5� h1 0 �11 0i symmetrical tilt
boundary were used (Fig. 1). A bicrystalline plate

was grown from the melt in a boat consisting of a

polished graphite plate and mica flanges by the

horizontal Bridgman method in an argon atmo-

sphere. Specimens were spark cut from a bicrys-
talline plate at an angle of 45� (type I specimen)
and 60� (type II specimen) with respect to the
boundary oriented parallel to the long side of bi-

crystalline plate. In the type I specimen the basal

plane was oriented either normally or in parallel to

its axis (Fig. 1(a) and (b)). In the type II specimen

basal planes show a 15�	 0:5� deviation from the
position of basal planes in type I specimen with
reference to the specimen axis. Dimensions of type

I and type II bicrystalline specimens were 30�
4� 2 and 25� 4� 2 mm3 respectively. The

damaged layer adjacent to the surfaces was re-

moved by chemical polishing on the acid-resistant

cloth. Final polishing was performed electrolyti-

cally. The experiments on magnetic annealing were

carried out using a resistive, steady-state 27 T

Bitter magnet with a 52 mm bore diameter. The

bicrystals were annealed preliminary without field
at a temperature of 663 K during 20 min and were

removed from the furnace for the surface obser-

vations. Subsequently, they were annealed in the

field with strength of H ¼ 1:35� 107 A/m at the

temperature of 663 K during 5 min. The ramping

rate of the magnet was 20 T/min. Type I specimens

were oriented along the field (Fig. 1(c)). Type II

Grain A 

Grain B 

〉〈 0110

〉〈 0211

Grain A 

Grain B 

H 

Grain A 

Grain B 

H 

boundary Grain

planes Basal

Grain A 

Grain B 

〉〈 0110

°89 °89

Aθ

)89( °Θ Bθ

°= 45α °= 60α

°60

°45

(a) (b)

(c) (d)

Fig. 1. Geometry of bicrystals (a, b) and their orientation to the

field (c, d). Type I bicrystal (a, c), type II bicrystal (b, d).
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specimens were inclined at 15�	 1� with respect to
the field (Fig. 1(d)). Those different orientations

make the hexagonal axes of grain A and grain B

parallel and normal to the field, respectively. Ad-
ditionally, specimens of both types were annealed

at the same temperature without magnetic field

during 100 h. The annealing was interrupted after

different periods for the surface observations.

3. Results

Optical micrographs of bicrystals subjected to

magnetic annealing and annealing without field
are shown in Fig. 2. The preliminary annealing of

specimens without field during 20 min results in

some displacement of the boundary ends near the

lateral surfaces, which can be determined by the

Fig. 2. Grain boundary displacement in Zn bicrystals of type I (a, c) and type II (b, d) during annealing in the field (a, b) and without

the field (c, d) at T ¼ 663 K. Magnetic annealing in the field of 1:35� 107 A/m during 5 min (a, b) and annealing without magnetic field
during 100 h (c, d). A few successive boundary positions are revealed by the interruption of the process for the surface observations.
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position of a boundary groove. In contrast, during

5 min of magnetic annealing boundaries migrate

towards grain A in the middle of specimen I for a

distance of about 1.2 mm and in specimen II for a
distance of 5.5 mm (Fig. 2(a) and (b)). Despite the

same magnetic field the migration distance for type

II bicrystal is much higher than for type I bicrystal.

Also, during migration the boundaries change

their orientation in such a way that boundary

length decreases approximately by 29% for type I

bicrystal and 9% for type II bicrystal. The orien-

tation of boundary line comes close to the normal
direction to the lateral surfaces. These effects are

observed on both sides (front and back) of bi-

crystalline samples. The position of boundaries

after magnetic annealing (Fig. 2(a) and (b)) can be

specified by an angle of w ¼ ðhB � hAÞ=2 which
characterizes a deviation of boundary plane from

its symmetry position. For the type I specimen the

magnitude of w is measured to be about wI 
 36�,
whereas the final position of the boundary in the

type II specimen is ‘‘less’’ asymmetric, namely

wII 
 25�.
Fig. 2(c) and (d) illustrates boundary migra-

tion and reorientation after annealing without

magnetic field during 100 h. The boundary mi-

gration starts on the lateral surfaces spreading to

the central part of bicrystals. It is seen that the
angle of boundary reorientation is lower than

that in the case of annealing in the field and it

takes much longer time to reorient in such a

way. For type I bicrystals the boundary reori-

entation rate during annealing without the field

is more than two orders of magnitude lower

than that in the field. In type II bicrystals mi-

gration stops near the lateral surfaces after 5 h
of annealing. Further annealing during 100 h

does not make any marked change in boundary

position and orientation.

4. Discussion

Annealing of investigated specimens without

field results in boundary reorientation or rota-

tional migration mainly near the lateral surfaces.

Fig. 2(c) and (d) illustrates this effect after an-
nealing during 100 h. It is worth to note, that the

boundary element, situated in the middle of the

boundary length, does not move in the longitudi-

nal direction, but only rotates about the axis per-

pendicular to the specimen plane. The motion of
our boundaries in this case corresponds to the well

known bicrystal technique (so called reversed-

capillary technique) for measuring the grain

boundary motion applying the capillarity (reduc-

tion of boundary energy with displacement) as the

driving force for grain boundary migration [7–9].

The direction of the boundary motion is normal

to the boundary towards to the center of curvature.
The driving force pc is given by pc ¼ rk ¼ r=R,
where r is the surface tension of the grain

boundary, k the curvature, and R the radius of
curvature. In the case of such geometry, and under

the assumption of shape invariance during mi-

gration, the curvature is inversely proportional to

the distance from the vertex of a in Fig. 1(a) and
(b) and the driving force decreases with increasing
boundary displacement. The capillary driving

force at the left and right sides of our specimens

(Fig. 2) acts in opposite directions with respect to

the specimen coordinate system (Fig. 3), effectively

rotating the boundary about its middle point. The

boundary with initial vertex a ¼ 45� (type I spec-
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Fig. 3. Schematic of boundary migration and reorientation

under the simultaneous action of magnetic and capillarity

driving forces.
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imen) experiences higher initial driving force, than

the boundary of the type II specimen (initial

a ¼ 60�), moves faster and, hence, covers larger
distance from initial to final position (Fig. 2(c) and
(d)), before the driving force becomes small being

unable to move the boundary. Obviously, this

capillary driving force acting on the boundaries in

their final positions is almost the same for both

specimens, that manifests itself in a very similar

position of boundaries with respect to the lateral

specimen surfaces after annealing (Fig. 2(a) and

(b)).
In contrast, the relatively short (5 min) anneal-

ing of the specimens in a high magnetic field leads

to much larger reorientation of boundary plane,

especially for type II bicrystals (Fig. 2(a) and (b)),

and to considerable movement of the boundary in

the direction of grains A or, in other words, to the

growth of grains B at the expense of grains A. This

effect can be understood in terms of magnetic
driving force for boundary migration created by

the anisotropy of the magnetic susceptibility in Zn.

In the case of zinc bicrystals, Eq. (1) can be

transformed to:

pm ¼ l0
Dv
2

H 2ðcos2 /A � cos2 /BÞ; ð2Þ

where /A and /B are the angles between the di-
rection of magnetic field and the hexagonal (or c
or h0 0 0 1i axis) in both neighboring grains, Dv is
the difference in susceptibilities parallel and per-
pendicular to the hexagonal axis. The force pm is
directed towards the grain with smaller value of /
which is grain A in the case of investigated bi-

crystals. According to [10] the gram susceptibility

of Zn parallel and perpendicular to hexagonal (or

c or h0 0 0 1i) axes are vk ¼ �0:190� 10�6 cm3/g
and v? ¼ �0:145� 10�6 cm3/g, respectively. Con-
version of these data from Gauss unit system gives
for volume susceptibility in SI units as vk ¼
�1:695� 10�5 and v? ¼ �1:294� 10�5. Accord-
ing to Eq. (2) the magnetic driving force for grain

boundary migration in Zn bicrystals ðDv ¼ v? �
vk ¼ 0:401� 10�5Þ in the field of 1:35� 107
amounts to 0.46 kJ/m3.

During annealing in the field the boundary

experiences simultaneous action of two different
driving forces for boundary migration: magnetic

driving force which moves boundary in the di-

rection of grain A and capillary driving force,

which acts in the direction of grain B on the left

half of specimen and in the direction of grain A
on its right half (Fig. 3). Therefore, the effective

driving force for boundary motion on the left

specimen side is peff ¼ pm � pc and on its right
half peff ¼ pm þ pc. The action of capillary driv-
ing forces in the opposite directions at the

boundary ends combined with magnetic driving

force reorients the boundary decreasing its length

(Figs. 2 and 3), while the magnetic force acting
in the direction of grain A is mostly responsible

for the boundary displacement in the longitudi-

nal direction. As we have seen (Fig. 2) the

boundary element in the middle of its length

does not move in the longitudinal direction

under the capillary driving force. Therefore, in

experiment with a magnetic field this element can

be considered as moving under the action of a
magnetic force pm only, and its displacement can
be used for the measuring the grain boundary

mobility.

The measurement of boundary motion under a

constant magnetic driving force provides a unique

opportunity to determine the absolute value of

grain boundary mobility, which is given by the

ratio of velocity v and driving force pm, m ¼ v=pm.
It is worth to note that in experiments with curved

grain boundary only the reduced mobility A ¼ mr,
where r is the not exactly known boundary surface
energy, can be obtained. The mobility of the in-

vestigated 88.7� h1 0 �11 0i tilt boundary in Zn bi-
crystals was found to be mI ¼ 8:8� 10�9 m4/J s for
type I specimen and mII ¼ 4:1� 10�8 m4/J s for
type II specimen. For comparison, the reduced
mobility of the curved 86� h1 0 �11 0i tilt boundary
A ¼ mr at 673 K in Zn bicrystal was measured to
be A673 KZn ¼ 3:2� 10�8 m2/s [11], and absolute

mobility (assuming r � 0:46 J/m2 [12]) is m673 KZn ffi
7:0� 10�8 m4/J s.
The remarkable difference in measured bound-

ary mobility in types I and II specimens can be

understood as a consequence of the different in-
clination of the boundary planes to their sym-

metrical position. As it was already noted, the final

boundary position after magnetic annealing in

both investigated specimens is asymmetrical, with
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different inclination from initial symmetrical po-

sition, wI 
 36� and wII 
 25�, respectively. It was
shown by Molodov et al. [3] that in bismuth bi-

crystals asymmetrical boundaries have lower mo-
bility than symmetrical ones. Therefore, it is

reasonable to assume that the tilt boundary with a

higher degree of asymmetry moves slower, that is

actually observed in the current experiment.

5. Conclusions

The grain boundary in zinc bicrystals was

moved by means of annealing in a high magnetic

field of 17 T. Under the common action of

capillary and magnetic driving forces the initially

planar symmetrical 89� h1 0 �11 0i tilt boundary
migrates reorienting its plane along the whole

length nearly perpendicular to the lateral surfaces.

The mobility of 89� h1 0 �11 0i tilt boundary in
bicrystals of Zn at 663 K was determined to be

about 2:5� 10�8 m4/J s.
The mobility of grain boundaries with the same

misorientation but different boundary orientations

was found to be far different from each other de-
pending on the degree of boundary asymmetry,

namely, the boundary with larger inclination with

respect to symmetrical boundary position moves

slower.
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