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Simultaneous growth of several bicrystals
oriented by common single-crystal seed
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The hetero-homoepitaxy phenomenon is shown efficient for simultaneous growth of five
Zn-bicrystals identically oriented by one single-crystal seed. The crystallographic, geomet-
rical and thermal requisites to achieve the successful growth and specify the grain
boundary orientation identical for all bicrystals are analyzed for closely packed pure
metals.
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Iloxasana BO3MOMXHOCTL 9GMEKTHUBHOTO HCIOJIB30BAHUSA SIBJIEHHUSA IeTePO-TOMOSIUTAKCUL
IJIA OJHOBPEMEHHOI'O BBLIPAIIMBAHUA CEPUH UISHTUYHBLIX OUKPHUCTAJNIOB, OPUEHTUPOBAHHBIX
o0Ieli MOHOKPUCTAJJINYECKON 3aTpaBKoii. IIpoanannsupoBanbl reoMeTprUYECKHEe U TEILIO(U-
31MUeCKNe YCJIOBUSA YCIIEIIHOTO pocTa OmKpucTawioB uncteix I'IIYV-merannos ¢ 3apaHnee 3agaH-
HOI OpHeHTalneil rpaHullbl 3epeH.

OgHOouacHe BHPOIIYBAHHA KiJbKOX GiKPHCTANIB, OPi€CHTOBAHHX 3arajJbHOI0 3ATPABKOIO.
10.I'' Kasapos

ITokazano MOMKJAMBICTE e(PeKTHBHOTO BUKOPUCTAHHS SBUINA TeTEepPO-TOMOeIiTaKcii s
OJHOYACHOTO BUPOIIYBaHHA AEKIABKOX ieHTHYHUX OGiKpucTaniB, opieHTOBAHUX OAHIEI0 MO-
HOKPUCTAJIUHOIO 3aTpaBKolo. IIpoananizoBano reomerpuyHi Ta TemmodisvuHi yMoBM ycmimi-
HOTO pocTy Gikpucranis unctux I'llY-meTanis 3 Hamepe 3aJaHOI0 OpieHTAIli€l0 MeKi BepeH.
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1. Introduction

Metals and alloys as engineering materi-
als are used predominantly in polycrystal-
line state which means that their strength,
ductility and other physical properties are
dependent on the grain size and grain
boundaries (GB) nature. Hence, the effect of
grain boundaries on the properties of the
polycerystalline materials is one of the topi-
cal problems of physics. Its solution deter-
mines to a large extent of development of
the new technologies to create materials
with the given properties. The basic ap-
proaches to this problem, the main methods,
obtained results and actual difficulties in
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understanding the role of the GB are dis-
cussed in [1-3] and other studies.

In this way it is appropriate to begin
studies using simple object, for example,
bicrystal with only one boundary between
two grains. During growth the misorienta-
tion of grains in the bicrystal is determined
as a rule by two single-crystal seeds [2, 4].
However, in this case the configuration and
orientation of the formed GB are arbitrary,
representing a considerable challenge for
the further investigations. Special growth
mold with two projections reserved along
the opposite walls was proposed in [4] as a
way to keep the GB at the given position.
Two grooves in the bicrystal corresponding
to these projections serve as obstacles re-
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Fig. 1. Scheme of the mold unit for simulta-
neous growth of five bicrystals oriented by
one single-crystal seed. Vectors A, B, C are
normals to the crystallization front.

quiring the additional overcome energy for
the GB. Unfortunately, this method to keep
the given orientation of the GB is related to
the high internal stresses generated in the
bicrystal.

Another approach to the growing of the
oriented bicrystal was developed at B.I.Ver-
kin Institute for Low Temperature Physics
and Engineering [5]. The method is based
on so-called phenomenon of hetero-homoepi-
taxy (HHE). The HHE was revealed
throughout our experiments of oriented sin-
gle-crystals growth when some parasitic
crystals of regular orientation were ob-
served and investigated [6]. These parasitic
crystals (if observed) had a regular and si-
multaneous orientation relative to the mold
surface at the nucleation point (heteroepi-
taxy) and to the native crystal growing
from the seed (homoepitaxy). These features
of the parasitic crystals explaining the title
of the phenomenon were applied for growth
of the oriented bicrystal, in particular, for
the so-called special boundary forming at
the special misorientation angles between
two grains [6]. Plot of the surface energy of
the special boundary on the misorientation
angle is characterized by a deep minimum.
As a result at the given misorientation the
formed plane special boundary occupies the
special crystallographic position in the coin-
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Fig. 2. Scheme of bicrystal growth (see the
text). Orientations of the planes (0001) in
two grains are indicated by shading angels.

cidence sites lattice (CSL). On the grounds
of the HHE approach it was described si-
multaneous growth of several single-crys-
tals equally oriented by the same single-
crystal seed [7]. This method was applied in
[6] to growth of the singular bicrystal of Zn
or Cd with the main grain oriented by the
single-crystal seed and the other grain nu-
cleated due to HHE in the inclined wall of
the mold. In that way the growth of singu-
lar bicrystal oriented by only one single-
crystal seed was found feasible. Taking into
account the obtained results it is not ruled
out to achieve the simultaneous growth of
several bicrystals oriented by a common sin-
gle-crystal seed, as in the case of the single-
crystal growth.

The goal of this study is to give evidence
of simultaneous growth of several bicrystals
oriented by a common single-crystal seed ex-
ploiting the hetero-homoepitaxy phenomenon.

2. Experimental

The special growth mold shown in Fig. 1
was designed and manufactured for five bi-
crystals. Unlike the standards, special tilt
angles of the mold planes were archived in
the seed-crystal area. The values of the tilt
angles were calculated according to the
terms required for HHE. The mean term of
the HHE may be expressed by the following
geometric formula [6]

B9, £ ABp; =P+, )
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Fig. 3. Five Zn bicrystals (photo) grown simultaneously from one single-crystal seed. The bicrystal
turned by 90° was indented to visualize the longitudinal grain boundary trace and two traces

corresponding to (0001) planes of each grain.

were Oo’i is special misorientation angle (see
Fig. 2), A6j; is half-width of the trough
base in the boundary energy vs. misorienta-
tion angle curve (range where the special
misorientation behaviors are valid), B is tilt
angle between plane and axis of the mold,
y is angle between the closest packet plane
of the seed lattice (i.e. the plane (0001)) and
the longitudinal axis.

The following geometric conditions must
be specified to provide the oriented bicrys-
tal growth: rotation axis <uvtw>, special
misorientation angle, 6, ;, the grain bound-
ary orientation, i.e. angle ¢ between the
boundary plane and the longitudinal axis of
the mold. To ensure these conditions the tilt
angle of one of the planes (see Fig. 2) must
obey the equality [5]

B1 =100, — 11 (2)

Equation (2) describes a favorable condi-
tion for nucleation and growth of the HHE-

nucleus on B;-tilt plane. The other tilt plane
angel must satisfy to the equality

By =0 — (180" - vy), (3)

where 0 is nonspecial misorientation angle
ranged between two neighbors special
misorientation angels

B9, + A0p; <6 <09 1,1y = ABg j41)-  (4)

Fulfilled the expressions (3) and (4), the
growth of a nucleus if it appears on Po-tilt
plane becomes inhibited. This provides fa-
vorable conditions of the growth for the
main grain nucleated on the seed. As a re-
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sult of the joint growth of the main grain
and the HHE-grain a bicrystal becomes
formed. Moreover, the boundary between
two grains results symmetric, plane and ori-
ented at the angle

¢ =00,/2-B=y-0,/2. (5)

To obtain bicrystal with the symmetric
tilt boundary it is necessary to specify the
rotation axis indices, <uvtw>, special
misorientation angle, 6,; to determine
crystallographic position of the boundary in
the coincidence sites lattice (CSL) and to
give a spatial orientation of this boundary,
i.e. the angle @. These bicrystal parameters
must correspond to lattice parameters of
the given material. At the present work for
hep-lattice of Zn of 99.997 % purity the
next parameters of the bicrystal were speci-
fied: symmetric tilt boundary, rotation axis
indices, <1120>, special misorientation
angle, 8,; = 94°, spatial orientation of the
boundary, ¢ = 0. These given parameters
correspond to the twin misorientation and
the twin boundary, directed along the crys-
tal axis.

In accordance with these parameters the
tilt planes of all the five sections of the
mold unit were made tilted at angle of 47°
in the seed-crystal transition area. To sat-
isfy the condition ¢ =0 the seed plane
(0001) was also oriented at the same angle
of 47°. The simultaneous growth of five Zn
bicrystals was carried out applying the ori-
ented crystallization technique in the setup
described in [8].
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3. Results and discussion

Result of exploiting the hetero-homoepi-
taxy approach for growing of five Zn bicrys-
tals illustrates the photo in Fig. 3. All bi-
crystals are oriented identically keeping the
orientation of the common single-crystal
seed. One of the bicrystals was turned by
90° and indented at the wide face to visual-
ize the longitudinal grain boundary trace
and two traces corresponding to (0001)
planes in each grain. The (0001) plane posi-
tions are shown schematically in Fig. 4. All
the bicrystals satisfy the given parameters,
i.e. they are twinned.

The obtained result gives an evidence of
the successful grows of several bicrystals
from one single-crystal seed involving the
HHE phenomenon and keeping the specified
geometric conditions. These geometric con-
ditions are concerned with the relative spa-
tial misorientation of the crystalline lattices
of the main and HHE grains, the crystal-
lization front and the mold plane. Positive
result is possible when two geometric condi-
tions are met simultaneously.

One of them requires that relative orien-
tations of the crystalline lattices of the
main and HHE crystals, or more precisely,
their misorientation angles, should corre-
spond to the coincidence site lattice having
a high bulk density of the site coincidence,

Z. In this case the grain boundary plane

should coincide with the CSL-plane having
the high surface density of coincidence

sites, Zb. For the Zn lattice the values of

2 <29 and Zb <38 were found experimen-

tally.

The other requirement refers to misori-
entation of the crystallization front and the
mold unit surface. The growth conditions
become favorable when at the point of HHE-
grain nucleation the crystallization vector
projection onto the mold surface normal is
directed towards the melt. In other words,
the scalar product of the unit vectors must
be positive

cosol = n;p - n,, >0, (6)

where o is angle between the normals, ny, is
normal to the crystallization front directed
towards its displacement, n, is normal to
the mold surface at the nucleation point di-
rected towards the melt. If the misorienta-
tion angle of bicrystal corresponds to the

CSL with 3 <29 and X, <3 the useful
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Fig. 4. Orientations of the planes (0001) for
obtained twin bicrystals (shading angels).

HHE-involving growth of the bicrystals
makes up almost 100 %. This regards to
the twinned and other Zn bicrystals when
the rotation axis has <1120> direction as
well as to Cd bicrystals since Zn and Cd
lattice parameters and its special misorien-
tation angles are close.

However, if the rotation axis has <10T0>
direction not all of the grown bicrystals
may satisfy the given parameters. The fact
is that in the planes (0001) of the both
growing grains the axis <10T0> is perpen-
dicular to the axis <1020> which simultane-
ously belongs to the wide face plane of the
mold. This wide face plane and (0001)
planes of the main and HHE grains make
angle of 90°, which is close to the angle of
94° of the special twin misorientation. As a
result, one or two parasitic twin nuclei can
arise on the vertical wall of the mold and
attach to the growing grains with the given
parameters. At the twin orientation each
growing grain may have one attached para-
sitic nucleus. The parasitic growth of the
attached twin/twins can even suppress the
growth of the specified grains. According to
[9] the asymmetry of the thermal field is
the contributing factor to promote this
parasitic growth, if the asymmetry parame-
ter, k, is

k=r/0.5D>1, (7

where r is displacement of the curvature
peak of the crystallization front from the
central axis, D is lateral crystal size tacked
along the r-displacement. Growth of the
parasitic nucleus is impossible in the inter-
val 0 < k <1. Normally, the crystallization
front is slightly convex. When the crystal-
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lization front is symmetric (r = 0), the con-
dition £ = 0 fulfils for the bisrystal growing
in the mold central section. However, for
the crystals from lateral sections k£ > 1 is
valid. In this case a parasitic twin nucleus
can grow because its crystallization vector
is directed towards the melt (see Fig. 1, vec-
tor C). Therefore, the central bicrystal from
the set gains the most favorable conditions
due to £ = 0. The neighboring crystals expe-
rience k£ > 1. Since curvature of the crystal-
lization front is rather small, the growth
direction of parasitic twin nucleus almost
coincides with the main direction of crystal-
lization. For this reason the nucleus either
may not grow or may shoot in the thin
near-surface layer. The island nucleation of
the near-surface twins is also possible in
this case.

If the thermal field is asymmetric, the
value of coefficient k is own for each bicrys-
tal in the set determining conditions for
parasitic nucleus growth on the vertical
wall of the mold unit.

4. Conclusions

The simultaneous growth of five Zn bi-
crystals identically oriented by common sin-
gle-crystal seed is realized for the first time
exploiting the hetero-homoepitaxy phenome-
non.

The growth results were found depending
on the next geometric conditions: i) misori-
entation angle between the main and HHE
grains must correspond to the coincidence
site lattice having the high bulk density of

site coincidence, 2 and the grain boundary

plane should coincide with the CSL-plane
having high surface density of coincidence
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sites, Zb. For Zn and Cd these parameters

were found 2 <29 and Zb < 38; ii) at the

point of HHE-grain nucleation the crystal-
lization vector projection onto the mold sur-
face normal must be directed towards the
melt. This condition is dependent on rela-
tive positions of the crystallization front
and the mold surface.

The positive grows output is determined
by asymmetry coefficient, k, of the thermal
field. When the rotation axis is <11Z0>,
the useful grows output is almost 100 % at
any k-value including & > 1. In the case of
<10T0> direction of rotation axis the effec-
tive bicrystal growth is only possible at 0 <
E<1.
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