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Abstract

Copper bicrystals with twist character were grown using the vertical Bridgman technique. Cu bicrystals were grown
such that the grain boundary in each sample had a nominal twist misorientation consisting of either a low angle (108), a
special angle (S5=36.878), or a high angle (458). The grain boundary plane in all cases was (1 0 0). The grain boundaries
were grown using single-crystal seeds that were oriented to within � 0.58 using the Laue back-reflection X-ray
diffraction method. The misorientation of each twist boundary was characterized using electron backscattering

diffraction patterns in a scanning electron microscope. All grain boundary misorientations were determined to be within
the limits defined by the Brandon criterion. # 2001 Published by Elsevier Science B.V.

1. Introduction

Grain boundary properties may govern the
overall properties of polycrystalline materials.
For example, it is well known that grain boundary
diffusion governs solid-state reactions such as
Coble creep, sintering, diffusion induced grain
boundary migration, electromigration, discontin-
uous phase transformations, recrystallization, and
grain growth [1]. Thus, an understanding of grain
boundary diffusion and related phenomena may
result in the use of grain boundary engineering to
either enhance or reduce a particular solid-state
reaction.

It is well known that grain boundary properties
vary with misorientation angle [2]. In addition,
special, low S boundaries tend to exhibit special
properties [2]. Grain boundary features (i.e., those
characteristics associated with the structure and
crystallography of the grain boundary), and the
mechanical, physical, and chemical properties of
materials attributed to these grain boundary
features have been studied extensively (see, e.g.,
Ref. [2]).

Many investigators have grown bicrystals of a
particular misorientation to study specific grain
boundary properties. Much of the literature on the
production of bicrystals has focused on the
production of thin film samples (see, e.g., Ref.
[3–5]). However, King et al. [6,7] were able to grow*Corresponding author.
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symmetric and asymmetric tilt grain boundaries in
bicrystals based on the vertical Bridgman techni-
que [8]. In an effort to understand grain boundary
properties in twist boundaries, it is desired to
produce bicrystal samples of significant size for
subsequent diffusion analyses. Thus, the following
is a detailed description of the production of
copper bicrystals grown with pure twist character
using the vertical Bridgman technique.

2. Experimental procedures

Single-copper crystals and subsequent bicrystals
were grown using the vertical Bridgman technique.
Bulk copper of 99.999% purity was either chemi-
cally polished or electropolished to remove any
surface oxidation or impurities. Chemical polish-
ing was performed with a solution consisting of a
1:1:1 mixture of acetic, nitric and phosphoric acids
by volume. Each piece of bulk copper was placed
in fresh solution for one to two minutes. Electro-
polishing was performed on the bulk copper using
a solution consisting of a 1:1 mixture of phospho-
ric acid and deionized water by volume, and
conditions of 1A and 10V. The copper was
electropolished for 30–60 s. The samples were then
rinsed with deionized water followed by a final
rinse of ethanol. The copper samples were then
allowed to dry before they were placed in a
graphite mold whose schematic diagram is shown
in Fig. 1. This first mold provided a single-
nucleation site in order to grow a single crystal
of arbitrary crystallographic orientation. The
graphite mold was then placed in an inconel wire
cage and the assembly was lowered into a
stationary ceramic tube. The ceramic tube was
then sealed and evacuated to 10ÿ7 Torr prior to
starting the furnace. When the furnace reached an
equilibrium temperature of 11608C, it was set in an
upward motion at a rate of 1 cm/h as shown in the
schematic diagram in Fig. 2. The vacuum was
maintained at 10ÿ5 Torr using both a roughing
pump and diffusion pump, thereby negating the
need for the use of inert gas.

The arbitrarily oriented single crystal was
mounted to a cylinder attached to a three-axis
goniometer stage. The goniometer assembly was

attached to a Philips 200 X-ray system where the
Laue back reflection technique was used to
determine a h1 0 0i direction of the grown single
crystal (see Fig. 3). An example of a [1 0 0] Laue
pattern obtained from a copper single crystal is
shown in Fig. 4. Note that the Laue pattern is
presented with its contrast inverted to emphasize
the position of the reflections within the pattern.

Once the [1 0 0] direction of the crystal was
found and properly aligned, a flat side for the seed
was created by positioning the goniometer assem-
bly on a polishing wheel assembly as shown in
Fig. 5. The crystal was mechanically ground using

Fig. 1. (a) A schematic diagram of the mold used to grow a

single crystal of random orientation. (b) A randomly oriented

single crystal grown using the mold in Fig. 1a.

Fig. 2. A schematic diagram of the vacuum furnace assembly.
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SiC papers of 400, 600, 800, and 1200 grit size,
respectively. The (1 0 0) face was then mechanically
polished using a nylon polishing cloth with a 1 mm
diamond compound abrasive polish. The polished
(1 0 0) face served as a reference for cutting the
remainder of the seed from within the single
crystal. A slow speed saw using a diamond
impregnated wafering blade was employed to cut
out the [1 0 0] seed from the crystal. When the seed
was cut from the single crystal the other five faces
were ground and polished in the same manner as

described above. The seed was then polished either
chemically or electrochemically as previously
described to further reduce the surface stresses,
surface defects, oxidation, or any other surface
impurities.

Since the [1 0 0] seed produced from mold one
could be quite small in dimension (e.g., no larger
than �5mm on one side), a second mold was used
to create a larger [1 0 0] crystal (e.g., �10 cm in
length) using the small seeds (see Fig. 6). Several
small [1 0 0] seeds were cut and stacked on top of
each other in the second mold to create an overall
large seed region to prevent entire melting of the
seed and thus ensure accurate positioning of the
furnace. Graphite sleeves were then machined and
positioned to restrain the movement of the seeds
and prevent any of the melt from flowing over the
seeds. Bulk copper was used for the melt and was
cleaned as outlined above prior to being placed in
this second mold above the [1 0 0] seeds. The
second mold was placed in the inconel cage,
lowered into the vacuum furnace ceramic tube,
and the furnace was positioned at an appropriate
location with respect to the seed position. The
furnace was started as before and a [1 0 0] single
crystal was grown up to 10 cm in length. Although
this step is not necessary, it possesses the
advantage of having a large single crystal of

Fig. 4. A [1 0 0] Laue back-reflection pattern obtained from a

Cu single crystal.

Fig. 5. The three-axis goniometer assembly used to orient and

polish a [1 0 0] crystal face.

Fig. 3. A single crystal of random orientation produced from

mold one.
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known orientation from which additional seeds of
varying orientations can then be cut.

The [1 0 0] single crystal was mounted onto the
goniometer assembly and used to produce seeds
that would employ half of the total misorientation
angle in the bicrystal. Laue back reflection
diffraction was used to orient the single crystal to
employ one-half of the total desired misorientation
(Fig. 7(a)). The seed was then cut, ground and
polished, as outlined previously, and placed in the
second mold (refer to Fig. 6(a)). Thus the second
mold too was first used to create a [1 0 0] oriented
single crystal and then used to create a single
crystal with one-half the total misorientation of
subsequent bicrystals. Graphite sleeves were ma-
chined to accommodate any voids between the
seed and the walls of the mold. Bulk copper was
cleaned and added to the mold as before. The

Fig. 7. A schematic diagram illustrating how the seeds for the bicrystal are cut and oriented so that a twist grain boundary is created.

(a) Laue X-ray diffraction is used to orient and grow the crystal to one-half the total misorientation. (b) The crystal is then sliced down

the center and crystal 2 is rotated 1808 with respect to crystal 1. (c) The entire twist boundary is completed.

Fig. 6. (a) A schematic diagram of the second mold used

to grow a large [1 0 0] single crystal from a smaller [1 0 0]

seed. (b) A large [1 0 0] single crystal grown using the mold

in Fig. 6a.
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mold was then placed in the inconel cage and
lowered into the vacuum furnace ceramic tube.
The vacuum and furnace were then operated, as
previously profiled, and the result was a third
single crystal whose orientation was half the total
misorientation. By performing this step, seeds of
one-half the total misorientation can be manufac-
tured with dimensions that match those needed for
the bicrystal.

The single crystal was cut in half and one side
of the crystal was rotated 1808 about its long-
itudinal axis (see Fig. 7(b)). Thus, the sum of the
half-angle in each seed enables the full misorienta-
tion angle to be generated in the final bicrystal (see
Fig. 7(c)). Once the bicrystal seeds were cut,
ground, and polished, they were then placed in a
third bicrystal mold shown schematically in Fig. 8.
Graphite sleeves were again used to fill any voids
between the seed and walls of the graphite mold.
Bulk copper was then cleaned and added to the
mold as before. The mold was placed in the
vacuum furnace. The furnace system was run in a
manner similar to that outlined above for growing
single crystals from a seed. This procedure was then
used to grow two sets of three different bicrystals
consisting of a low-angle (108), a special angle
(S5=36.878), and a high-angle (458) twist grain
boundary, all having a (1 0 0) boundary plane.

3. Results and discussion

The results of the bicrystal growth yielded
samples greater than 10 cm in length with cross
sections approximately 1 cm2. The bicrystals were
cut into approximately 5mm thick slices to
characterize their misorientation. The surfaces
were ground and mechanically polished as out-
lined in the experimental section above. The
bicrystal samples were then mounted on a sample
stud and placed in a Hitachi 4100 scanning
electron microscope (SEM) with a TSL Orienta-
tion Imaging Microscopy (OIM) electron back-
scattering diffraction system. Examples of the
diffraction patterns obtained from a nominal 108
copper bicrystal are shown in Fig. 9. which shows
the experimentally determined diffraction patterns
from crystal 1 (Fig. 9(a)) and crystal 2 (Fig. 9(b)).
The indexed patterns are shown in Fig. 9c and d,
respectively.

The Brandon criterion states that models of
high-angle grain boundaries can include angle
deviations from coincidence expressed in mathe-
matical form by Eq. 1 [9].

y ¼ y0ðRÞÿ1=2 ð1Þ

y is the allowed angular deviation from exact R

boundary coincidence in degrees, and yo is 158
which corresponds to the approximate transition
region from the dislocation model for low- and
high-angle grain boundaries. The closest R value
for each grain boundary was assigned to each
bicrystal as per Ref. [10]. The calculated misor-
ientation angle/axis pair for all the bicrystals are
summarized in Table 1. The allowed Brandon
criterion deviation and the measured deviation
from the Brandon criterion are also summarized
for each bicrystal in Table 1. Deviations from the
nominal twist grain boundary misorientations
ranged from �18 to 98. The results in Table 1
indicate that all six bicrystals conform to the
Brandon criterion as specified by Eq. (1). It should
be noted that any grain boundary misorientation
less then 158 is by definition consistent with a
low-angle grain boundary structure and therefore
consistent with the Brandon criterion [9].

It should be noted that OIM was used to
determine the macroscopic misorientation angle of

Fig. 8. (a) A schematic diagram of the mold used to grow the

copper bicrystals. (b) A copper twist bicrystal grown using the

mold in Fig. 8a.
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Fig. 9. Electron backscattered diffraction patterns obtained from a nominal 108 twist boundary. (a) crystal 1, (b) crystal 2, (c) the

indexed pattern from crystal 1, (d) the indexed pattern from crystal 2.

Table 1

Summary of experimentally determined grain boundary misorientations obtained from the grown twist bicrystals

Bicrystal 1 2 3 4 5 6

Nominal misorientation angle 10.08 10.08 36.98 36.98 45.08 45.08
Nominal rotation axis [1 0 0] [1 0 0] [1 0 0] [1 0 0] [1 0 0] [1 0 0]

Closest S value 1 1 5 5 29a 29a

Calculated misorientation angle 10.78 11.58 31.08 31.18 44.78 43.88
Calculated rotation axis [0.99 0.01 0.16] [0.99 0.11 0.05] [1 0 0] [1 0 0] [1 0 0] [1 0 0]

Allowed brandon criteria deviation 15.08 15.08 6.78 6.78 2.88 2.88
Measured deviation from nominal

grain boundary value

a0.78/b9.28 a1.58/b7.08 5.98 5.88 0.38 1.28

aDeviation from the nominal misorientation angle.
bDeviation from the nominal rotation axis.

S.M. Schwarz et al. / Journal of Crystal Growth 222 (2001) 392–398 397



the bicrystals. The exact nature of the twist
component of the bicrystal structure will be
characterized in the future using transmission
electron microscopy.

4. Conclusions

Copper twist bicrystals with nominal misorien-
tations of 108, S5, and 458 about [1 0 0] were grown
using the vertical Bridgman technique. The bicrys-
tals were characterized using electron backscatter-
ing diffraction in a SEM. The grown bicrystals
were consistent with the Brandon criterion.

Acknowledgements

This work was made possible by NSF DMR
#9703281.

References

[1] I. Kaur, W. Gust, Fundamentals of Grain and Interphase

Boundary Diffusion, Ziegler Press, Stuttgart, 1988.

[2] V. Randle, The Role of the Coincidence Site Lattice in

Grain Boundary Engineering, The Institute of Materials,

London, UK, 1996.

[3] W.R. Wagner, R.W. Balluffi, Phil. Mag. 30 (3) (1974) 673.

[4] A. Amiri-Hezaveh, R.W. Balluffi, Rev. Sci. Instr. 64 (10)

(1993) 2983.

[5] U. Dahmen, K.H. Westmacott, Scripta Metall. 22 (10)

(1988) 1673.

[6] F.S. Chen, A.H. King, Scripta Metall. 20 (10) (1986)

1401.

[7] G. Dixit, A.H. King, Colloque Phys. C-1 (1990) 545.

[8] J.D. Russell, A.T. Winter, Scripta Metall. 19 (1985)

575.

[9] D.G. Brandon, Acta. Met. 14 (1966) 1482.

[10] H. Mykura, in: Grain Boundary Structure and Kinetics,

American Society for Metals, Metals Park, OH, 1980,

pp. 445–456.

S.M. Schwarz et al. / Journal of Crystal Growth 222 (2001) 392–398398


