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boundary. A few interstitial and vacancylike defects also
appeared in the relaxed structures. These could not be
removed in MD except by diffusion processes which
are too slow on the simulation time scale. Hence, such
defects were removed either by hand or by using a
variable particle number algorithm [10]. The structure
presented here is typical of one of the lowest energy
structures we found and was obtained by the following
procedure. First, the boundary was equilibrated using
MD at 500 K for 8 ps, then for a further 10 ps at
900 K, and, finally, it was quenched rapidly to less
than 1 K within 4 ps. The procedure for quenching was
to freeze any atomic coordinate whenever its velocity
and acceleration had opposite sign, releasing the atom
immediately thereafter. This structure is shown in (211)
projection in Fig. 2. The tilted layer at the boundary
has the bcc structure, viewed here in (110)b„projection.
The bcc structure is not ideal, but contains defects and
internal strains. That the structure is nevertheless very
close to bcc can be seen in the inset, which shows a view
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FIG. 2. (211) projection of the structure obtained by atomistic
simulation of the 84 (211) boundary indicated in Fig. 1(d).
The inset shows a piece cut from the marked rectangle in the
boundary and rotated through 45, displaying the bcc structure
in its (100) orientation with an average bcc lattice parameter
Qbgg = 0.3012 nm.

along (001)b„ofa piece extracted from the boundary and
rotated by 45' about its (100)b„axis. The mean lattice
parameter of this piece is 0.3012 nm; bulk bcc Cu with
this potential would have a very similar lattice parameter
(0.2961 nm).

The Cu bicrystals studied in the experimental part of
this work were made by diffusion bonding in high vac-
uum. Reference [3] presents details of the method. Spark
erosion enabled 3 mm disks to be cut from the bicrys-
tals without introducing significant plastic deformation.
Standard electropolishing of these disks yielded TEM
specimens suitable for imaging under high resolution con-
ditions. The specimens were investigated in the Stuttgart
"Atomic Resolution Microscope" ARM 1250 (JEOL).
During our experiments this instrument was equipped
with a side-entry specimen stage. Resolution tests
[G. Mobus (unpublished)] have shown that this configura-
tion yields a point resolution of 0.12 nm when operating
at 1250 kV. Accordingly, this very powerful microscope
transfers not only the t 1 1 1) but also the extremely
small (220) spacing of Cu (0.128 nm) with substantial
contrast. This enables us to image the structure of the
tti2tt = 84 grain boundary in (211) projection. The
1250 kV electrons generate multidimensional defects in
the Cu sample. However, as we have documented in a
previous article [11], these defects do not interfere with

high resolution observations in ultrathin parts of the TEM
foil during observation times of typically 30 min. An
Eikonix camera with a dynamic range of 2'" served to
digitize the HRTEM negatives.

The HRTEM image in Fig. 3 was recorded near
Scherzer underfocus in an ultrathin region of the TEM
foil. The local foil thickness does not exceed 10 nm,
as determined from an image obtained after tilting the
foil by 30 around an axis parallel to the boundary and
normal to the projection. Computer-simulated HRTEM
images indicate that under these conditions the positions
of Cu columns coincide with those of the dark intensities
in the HRTEM image. We emphasize, however, that
the conclusions to be drawn below do not depend on
the details of the correspondence between the projected
structure and its HRTEM image.

Figure 3 and images of neighboring regions indicate
that the two adjacent crystals keep the X3 orientation rela-
tionship with high precision. The HRTEM image reveals
directly that the tilt component of the misorientation from
X3 does not exceed 1 . Likewise, the nearly perfect im-

age of the Cu structure of both sides of the boundary indi-
cates that the twist component of the misorientation is no
larger than 1 either. The crystallographic parameters of
our specimen therefore match very well with those used
for the MD calculations.

In striking correspondence with the calculated structure
in Fig. 2, the HRTEM image of Fig. 3 exhibits an
extended zone of distortion along the boundary. The
(111)atomic layers of the two bulk crystals "bend" when
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FIG. 3. Experimental HRTEM image of the 84' (211) bound-
ary, recorded in the ARM 1250 (side entry) with a point reso-
lution of 0.12 nm. The boundary makes an angle of 84 with
the horizontal edges of the image and runs through the center
of the image. Every black spot corresponds to a column of Cu
atoms in (211)f„projection.

crossing the boundary. This is seen easily in Fig. 3
by comparing the course of the (111) fringes with the
horizontal straight line at the bottom. The corresponding
"offset" of the two grains parallel to the vertical (220)

1
planes amounts to about 2d~~~ = 0.10 nm, where d~~~
represents the (111) spacing of fcc Cu. This is about
half the offset obtained in the MD model. From analysis
of the curvature in the close-packed layers we estimate
that in Fig. 3 the width of the boundary zone amounts
to w = 0.8 nm, which is somewhat smaller than the
width predicted by the MD model. The inclination of
the boundary plane in Fig. 3 is $2tt = 84', in good
agreement with the macroscopic boundary inclination.
Most importantly, the characteristic (200)b„planes can
be seen edge on. The spacing of these planes is almost
as small as that of the (220) planes in fcc Cu. The
(200)b„planes are slanted at 6' to the boundary plane,
in agreement with the MD model.

From the resemblance of this HRTEM image to the
prediction of the atomistic simulation we conclude that
regions of the bcc structure actually form at this interface

in Cu. Its existence can be explained as follows. We
have observed that a dominant rule of construction of
all grain boundaries in Cu within the X3 family is
the continuity of close-packed (111) planes through the
boundary. Cu grain boundaries of the $3 family obey
this principle for the following reasons. $3 implies that
a set of (111) planes in one half crystal is parallel to a
set in the other half crystal, but with reversed stacking
sequence CBA instead of ABC. Thus the boundary
structure can be constructed by sliding (111)planes over
each other as they cross the boundary. Furthermore, in
Cu it is energetically advantageous to allow an extended
region in which the (111) planes are slid into a non-
fcc orientation because (a) the local bond lengths and
coordination at either side are thereby better preserved,
and (b) the energy barriers for sliding (111)planes over
each other are particularly low. The structure of this
extended region depends on the boundary inclination and
may be 9R, as in the inclination of Fig. 1(b), or in
the present case bcc. In neither case is the energy of
the grain boundaries with these structures high in Cu
otherwise they would not form. In the 9R case this is
a consequence of the low stacking fault energy in Cu.
Indeed, in fcc metals with high stacking fault energy
and thus high energy barriers for sliding (111) planes,
the change in the stacking sequence may be very abrupt,
with no broad boundary, as observed, for example, in
aluminum [12]. For the present case, we know from
first principles total energy calculations that the energy
difference bcc-fcc in Cu is particularly small [13,14],
and this is reproduced by the potential used in this
study [Eb„—F&„=0.023 eV/atom). Moreover, the
bcc structure can be produced from the fcc structure by
two consecutive sliding processes on close-packed planes
[15], whereby the (111)r„become(110)&„.In our case
the (111)r„become(110)b«, but a rotation of the lattice
occurs in addition to generate coincident atomic positions
at the interface. This sliding involves components both
parallel and perpendicular to the boundary; it has a more
complicated geometry than the simple sliding in the
(211) direction, which produces the 9R structure. The
details of the fcc-bcc transformation will be analyzed
elsewhere. The structure of the present phase boundaries
between bcc and fcc is actually of a near coincidence
type, involving a compromise in lattice strains which is
best suited to this particular boundary inclination and
accounts for its lower energy with respect to neighboring
inclinations. We shall analyze elsewhere the detailed
geometry of this phase boundary, which may be relevant
to other martensitic phase transformations.

In summary, we have predicted by atomistic simula-
tion that a layer of bcc structure forms in Cu at a X3
tilt boundary with (211) rotation axis and with the bound-
ary plane inclined by @ = 84 [Fig. 1(d)]. Across the
boundary (110)b„planes connect the (Ill)r„planes of
each grain. The structure has been confirmed expen-
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mentally by HRTEM on specially prepared bicrystals,
using an instrument with a point resolution better than
the 0.13 nm spacing of (220) planes in Cu. The (200)
planes of the bcc lattice are inclined at 6 to the bound-
ary plane, in agreement with the prediction of atomistic
simulation
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