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Structure and Energy of Twin Boundaries

in Copper

This article presents the results of experimental and
theoretical studies on the energy and structure of X3 tilt
boundaries with (110} and (211} tilt axis in Cu. For both
types of boundaries, a plot of the grain boundary energy
versus the inclination of the boundary plane features a mini-
mum at high inclinations against the plane of the coherent
twin boundary. Along with this second energy minimum,
the boundaries exhibit complex. three-dimensional struc-

Struktur und Energie von Zwillingsgrenzen in Kupfer

Diese Arbeit schildert die Ergebnisse experimenteller und
theoretischer Untersuchungen zur Energie und Struktur
von X3-Kippkorngrenzen mit (110)- und (211)-Kippachse
in Kupfer. Trigt man die Korngrenzenenergie gegen den
Neigungswinkel der Korngrenzenebene auf, so zeigen bei-
de Typen cin Energieminimum bei hohen Neigungswin-
keln gegen die Ebene der kohidrenten Zwillingsgrenze.
In Verbindung mit diesem Energieminimum bilden sich
komplexe, dreidimensionale Korngrenzenstrukturen. Da-

1 Introduction

The relevant macroscopic properties ot many polycrystal-

line materials depend to a large extent on the nature of

the grain boundaries. Grain boundaries influence materials
properties like mechanical strength, plasticity, or electrical
conductivity. Moreover. grain boundaries play an important
role for solid state reactions in crystalline materials. For
example, grain boundaries may enhance low temperature
diffusion, cause segregation of impurities, control texture
formation, or serve as nucleation sites for precipitates.
Thercfore, understanding materials properties and behav-
ior requires research on grain boundarics.

The two most fundamental aspects of a grain boundary
are its structure (atom coordinates) and its energy (excess
Gibbs energy). Grain boundary structure and grain bound-
ary energy, however. are closcly interrelated: The structure
determines the energy of the grain boundary, while the en-
ergy ‘selects’ the most favorable structure — according to the
laws of thermodynamics.

To describe the crystallography of a planar grain bound-
ary at macroscopic level, one needs to determine five param-
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tures, featuring a thin slab along the boundary planc in
which Cu adopts unusual crystal structures. In the {110}
tilt boundaries the slab has a rhombohedral structure
(9R). while in the (211} tilt boundaries it has a body-cen-
tered cubic structure. These structures seem to be energeti-
cally favorable because they continue close-packed layers
of atoms across the grain boundary.

bel entsteht cntlang der Korngrenzenebene eine diinne
Schicht, in der das Kupfer ungewdhnliche Kristallstruktu-
ren annimmt. Bei den (110)-Kippkorngrenzen hat die
Schicht eine rhomboedrische Struktur (9R), bei den
(211)-Kippkorngrenzen dagegen eine kubisch-raumzen-
trierte Struktur. Es scheint, daf diese Strukturen besonders
energiegiinstig sind, weil sie dichtgepackte Atomlagen
tiber die Korngrenze hinweg fortsetzen.

eters [1, 2}: three parameters to describe the orientation re-
lationship between the two grains and two parameters to
determine the inclination of the boundary planc. It has
been realized early that grain boundaries with extreme prop-
erties (minimum energy, maximum mobility, etc.) often
have a “special’ crystallography |1, 2]. Many observations
have confirmed that ‘special’ grain boundaries result if the
two grains have an orientation relationship corresponding to
a coincidence site lattice with a small unit cell [3]. This
implies that the lattices of the two grains, when translated
to coincide at their origin, have a high density 1/% of com-
mon sites. While the effect of the orientation relationship on
grain boundary properties is well established theoretically
[4 to 10] as well as experimentally [11 to 14], only few
studies have dealt with the influence of grain boundary in-
clination (for example, see references [ 15 to 19]. The reason
for this deficiency has to do with the experimental difficul-
ties In guessing the inclination of a grain boundary from its
intersection line with a polished surface. Even when imag-
ing the interior of the material by TEM (transmission elec-
tron microscopy) it remains difficult to determine the incli-
nation of an arbitrary grain boundary.
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A rewarding although laborious approach to investigate
the effect of boundary inclination consists of fabricating a
series of macroscopic bicrystals with constant orientation
rclationship and systematic variation of the inclination.
Using this approach. we have studied the influence of
boundary inclination on the structure and energy of twin
boundaries in Cu [I8 to 25]. Morc precisely, the grain
boundaries we have fabricated and studied so far belong
to two different series of 3 tilt boundaries. Figure I illus-
trates their crystallography. In both series of boundaries we
have successively tilted the boundary plane against the
{111} plane of the coherent twin boundary, while keeping
the X3 orientation relationship constant. The X3 orientation
relationship corresponds toa 71 (110) or 180 {211) rota-
tion of one lattice with respect to the other. In our first
series of X3 tilt boundaries the tilt axis corresponds to
the common (110} direction of the two grains, while in
the second series the tilt axis corresponds to the common
(211) direction.

Our studies include experimental and theoretical work.
Using thermal grooving experiments we have determined
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Figs. lato I. Crystallography of 3 it boundaries in Cu. (a) Coherent
twin boundary (b) Definition of the tilt angle ¢, characterizing 3
(110} tilt boundaries. (¢) 3 82" {110} tilt boundary. According 10
the results of thermal grooving experiments and numerical structure
calculations this boundary has a structure of minimum energy. (d)
23907 {110) tilt boundary. sometimes denoted as “symmetrical inco-
herent” twin boundary. (¢) Definition of the tilt angle ¢, characteriz-
ing £3 (211 tilt boundaries. () £3 847°(110} tilt boundary. According to
the results of thermal grooving experiments and numerical structure
culeulations this boundary has a structure of minimum energy.
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the energics of these boundaries. By mcans of QHRTEM
(quantitative high resolution transmission clectron micro-
scopy) we have determined the atom positions at several
twin boundaries with high precision. Both kinds of e¢xperi-
mental observations have been compared with results ob-
tained by numerical structure and energy calculations
(computer modeling). Tor the latter we have employed em-
pirical many-body potentials.

In this paper, we summarize our work on the structure
and energy of individual twin boundaries in Cu. While pre-
vious publications have dealt with special results and tech-
nical details of the individual experimental and theoretical
methods, this paper provides a comprehensive overview on
the structure and energy of twin boundaries in Cu.

2 Experimental Procedures and Techniques
2.1 Fabrication of Cu Bicrystals

For the experimental studies we have fabricated Cu bicrys-
tals by ditfusion bonding of oriented single crystal slabs in
high vacuum. The slabs were cut from Cu single crystals,
which we had grown from 99.999 wt.% Cu ingot by the
Bridgman technique |26]. The slabs had a thickness of
0.5 mm. a length of 5 mm. and a width of 10 mm. Prior
to diffusion bonding we polished the bonding surfaces
with an ultra mill until the roughness was no more than
10 nm. Subsequently, we cleaned the polished surfaces in
high-purity acetone. After adjusting the orientation relation-
ship we loaded the slabs into Mo crucibles and bonded them
at 1313 K (97 % of the melting temperature 7)) at a total
atmospheric pressure below 10 ° Pu. After bonding, we
equilibrated the boundary structure by anncaling the bicrys-
tals at 1173 K for 15 h.

2.2 Measurements of Grain Boundary Energies

Using a spark erosion machine, we cut 2 mm slabs from the
bicrystals normal to the tilt axis. On these specimens we
performed thermal grooving experiments o determine
the grain boundary energy relative to the energy of the
slab surface ({110} or {211}). When annealing a grain
boundary intersccting with a polished surface at suffi-
ciently high temperature (> 0.5 T,,) the surface forms a
groove to equilibrate the tension of the grain boundary
with the tension of the surface. Figure 2 illustrates the geom-
etry of such a groove. In thermal cquilibrium the forces
corresponding to the tensions y,. 35 and 7, balance at the
bottom ol the groove, and the two sides of the groove
make a characteristic angle ¥ = ¥, + ¥-. While ¥ re-
mains constant. the groove depends by evaporation or sur-
face diffusion [27].

Since we consider a single component system near the
melting point the two tensions represent the energy of
the corresponding Cu surface and the encrgy of the grain
boundary, respectively |28]. Neglecting the influence of
Herring  torque terms  [29], and  approximating
n=r=:7.=> ¥ =¥, — ¥ in Fig. 2 we obtain
%o

'
S

= 2cos[¥] (1)

Thus, by measuring the angle ¥ we can determine the
energy 7, of the grain boundary relative to the energy 7.
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Fig. 2. Geometry of a thermal groove forming where a grain boundary
intersects with the polished surface of a Cu bicrystal. Because the sur-
face energy of Cu does not exhibit pronounced anisotropy. we approx-
imate 3> = 7, =: 7, and. consequently, ¥> — ¥y —: ¥, By means of
interference light microscopy we measure the angle ¥ to obtain the
ratio between grain boundary energy 3, and surface energy ;' through
the relation (1).

of the surface. To measure the angles we image the groove
in a light microscope equipped with a monochromatic so-
dium light source and a Michelson two-beam interferom-
eter. The interference pattern the reflected beam forms
with the reference beam exhibits characteristic distortions
representing the depth profile of the groove. By recording
the pattern together with a scale we obtain the relative posi-
tions of intensity minima and maxima along the x direction
(normal to the groove). To evaluate these data we assume
that the depth profile on cach side of the groove can be
described by a second order polynomial in x. A computer
program performing a least-squares fit to the experimental
data serves to determine the best-matching polynomials.
Before carrying out the least-squares fit the program cor-
rects tor artefacts originating from the large aperture of
the objective lens [30].

2.3 TEM Sample Preparation and Microscopy

From the Cu bicrystals described in Section 2.1 we also
prepared the TEM samples for imaging along the respec-
tive direction of the tilt axis (either (110} or {211)). By
meuns of spark crosion we first cut 0.3 mm slices normal
to the tilt axis. After grinding the slices down to a thickness
of about 80 um (using SiC paper). we punched out 3 mm
discs with the boundary traversing the discs center. Final-
ly. we thinned the central region of the disc to electron trans-
parency by electro-polishing in an clectrolyte of 33 % nitric
acid and 67 % methanol.

To image the structure of the grain boundaries in {110}
and (211) projection we employed a JEM-ARM 1250 high-
voltage high-resolution transmission electron microscope
(JEOL). Operating at an accelerating voltage of 1250 kV,
this microscope provides a point resolution of 0,105 nm
with its top-entry objective lens and 0.120 nm with its
side-entry lens [31]. Both resolution himts suftice to re-
solve the {111}, {200}, and {220} planes of Cu (compare
Fig. ).

First we recorded the images on photographic plates.
Subsequently, tor the purpose of quantitative evaluation
of image intensities, we digitized the images by scanning
the negatives with a diode array scanner (Eikonix) provid-
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ing a dynamic range of 12 bit. The codes for the optimiza-
tion program and the quantitative imuage comparison have
been written in interactive data language (ID1) and exe-
cuted on DEC-alpha workstations. For image simulations
we use the software package "EMS” [32].

2.4 Structure Determination by Quantitative Image
Analysis

Interpreting HRTEM images of a grain boundary in edge-on
orientation “naively’, in terms of the projected interface
structure, may lead to errors. In general. dynamic clectron
diffraction in the sample and aberrations of the electron op-
tics complicate the relationship between the image wave
¥, [x] and the structure of the sample. Moreover, in conven-
tional HRTEM imaging the photographic film or camera in
the image plane only records the intensity ol the clectron
wave, rather than its amplitude and phase. For these
reasons. there is no straight-forward way to reconstruct
the structure of an arbitrary specimen from its HRTEM
image. In particular, the above complications may destroy
the intuitively expected correspondence between the image
pattern and the positions of atoms columns in the specimen.

‘The most common method to avoid artefucts in the inter-
pretation of HRTEM images relies on image simulations.
After proposing a number of dilterent models for the at-
omistic structure of the interface one culculates the corre-
sponding HRTEM images on a computer. The model that
yields the best-matching image simulation presumably rep-
resents the best approximation for the real structure of the
specimen. Usually. a human observer compares simulated
and experimental images by mere visual inspection. Ob-
viously, this method leads to vague conclusions because
the result of visual analysis will depend on the individual
nature of the observer. In particular, the observer cannot
quantity discrepancies between simulated and experimen-
tal image.

Consequently. 1t remains impossible to quantify crror
limits for the structure with the best-matching simulated
image.

In our studies of twin boundary structures in Cu we have
overcome these limitations through quantitative evaluation
of image intensities [20, 21, 23, 33 to 35]. Such quantitative
HRTEM comprises digitization ol HRTEM images and nu-
merical processing with well-detined algorithms. Starting
from a preliminary model, numerical refinement proce-
dures automatically determine the structure with the best-
matching image simulation. Moreover, we can quantily
the reliability of the ‘refined” grain boundary structure ob-
tained in this way.

Our procedure of quantitative image analysis consists of
three steps [21]: First, we reduce the noise in the experimen-
tal image. This is done by averaging over several (typically
five) repeat units along the grain boundary. or by adaptive
Fourier filtering [36]. In the second step we cross-correlate
one repeat unit of the 1image with the pattern of a single
column of Cu atoms. Assuming that a Cu column resides
at cach maximum of the cross-correlation image we obtain
a preliminary model for the repeat unit of the boundary
structure. However, this model does not account for poten-
tial artetacts of the HRTEM image. In the third step, there-
fore. we reline the preliminary model in an iterative proce-
dure. A single loop of this procedure includes simulating the
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HRTEM image ol the current model, comparing the image
quantitatively (numerically) with the experimental image,
and improving the model according to the results of the
image comparison.

To quantify the discrepancy between (simulated and
experimental) images. one may regard them as vectors of
pixel intensities and calculate the cuclidean distance
between the vectors. In this case, however, the distance
depends on the format (number of pixels) of the images.
To avoid this dependence we employ the *normalized euclid-
ean distance” (NED). For two images A and B the NED has
the form

|A-B]
VIFAL- B
where || ... || denotes the euclidean length.

The iterative refinement yiclds the refined structure of
the grain boundary. The simulated image of this structure
yields the best match with the experimental image being
evaluated. Thus, we assume that the refined structure con-
stitutes the best model for the real boundary structure.

Numerically, we can determine the column positions in
the refined structure to any desired precision. However,
there is only a finite reliability by which these positions
represent the true column positions, The limitation of the
reliability originates from the following problem [21]:
Even if we knew the real structure precisely, image discrep-
ancy D* always persists between experimental and simu-
lated image because image simulations do not account
for @ number of fuctors influencing the experimental
HRTEM image: oxides or contaminants on the specimen
surface, inelastic electron scattering, slight misalign-
ments, and the like. Moreover. the experimental image con-
tains residual noise. As a consequence of these effects, we
can salely distinguish two different structures only if their
image vectors differ by more than D*.

Thus, to estimate the reliability of the refined structure
we need to explore the extent to which one may modity
the refined structure without changing its simulated image
by more than D*. For this purpose we modify the refined
structure in a well-defined manner and investigate the cor-
responding change of the simulated HRTEM image.

In practice, we displace the columns of the refined struc-
ture into random directions by distances randomly drawn
from a GauB distribution with a standard deviation a.
Then we simulate the image of the modified structure
and calculate its NED to the simulated image of the refined
structure. Repeating this for many different standard
deviations ¢ we obtain a graph D[a] correlating image
discrepancy (NED) with structure discrepancy (standard
deviation of column displaccments). Reading the abscissa
corresponding to the ordinate D* we obtain the average
reliability of the column positions [21, 22, 33].

2.5 Computer Modeling of Grain Boundary Structures

To model the structures of the twin boundaries, we simu-
lated the relaxation of atom positions near the boundary
plane in an orthorhombic simulation cell. imposing peri-
odic boundary conditions. In these numerical structure cal-
culations we described the interaction between the Cu
atoms by empirical many-body potentials of embedded-
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atom [37] or Finnis-Sinclair |38, 40] type. With these poten-
tials we performed molecular statics as well as molecular
dynamics calculations. In molecular statics calculations
one minimizes the total energy ol the system by displacing
the atoms in an iterative cycle; we have used a variant of the
method of steepest descents. The results of such calcula-
tions refer to a temperature of 0 K.

While molecular statics calculations only include the
forces on the atoms, molecular dynamics calculations
also include the momentum of each atom. This allows us
to model the system at a finite temperature. Moreover, mo-
lecular dynamics can overcome potential barriers, provided
that these are not too high. Compared to molecular statics
calculations, however, molecular dynamics caleulations de-
mand more computing power. The size of the simulation
cell and the computer system available impose an upper
limit for the time interval over which one may follow the
relaxation with such calculations. In the calculations we
have carried out for Cu twin boundaries, such time interval
has the order of only a few hundred picoseconds. This time
interval suffices, however, to anneal starting structures into
stable structures.

3 Twin Boundaries with (110) Tilt Axis
3.1 Measured and Calculated Grain Boundary Energics

Figure 3 presents our data on the energy of £3 (110) tilt
boundaries versus the inclination angle ¢, [17 o 19].
The data points with error bars represent experimental
data obtained by thermal grooving experiments, whilc
the other points refer to molecular statics calculations.
The calculated energies are up to 10 % larger that the mea-
sured energies. The discrepancy may originate from two
possible reasons. First. the calculated energies have been
normalized with the encrgy of the (110) surface as calcu-
lated by molccular statics (3, = 1.42 J/m” [41]), and de-
viations from the rcal value will introduce discrepancies
with the experimental data ol the relative grain boundary
energies. It is well known that semi-empirical many body
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Fig. 3. Encrgy 3, of £3 {110} tilt boundarics versus the inclination
angle ¢y 18, 19] (energy data in units of 3,,,. the energy of the
Cu (110) surface). The data points with error bars represent experimen-
tal data obtained by thermal grooving experiments. while the other
points refer to molecular statics calculations.
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potentials tend to underestimate the surface energy. Second.
experimental problems of measuring the depth of the ther-
mal groove tend to make grain boundary energics appear
smaller than they rcally are |42]. Nevertheless, the two
sets of data agree well and predict the same form of the
7ul®110] curve: The boundary energy has a deep minimum
at ¢, = 0. which corresponds Lo the coherent twin bound-
ary. With increasing inclination ¢, the encrgy first rises
quickly and then approaches a plateau at 60 °. Both, experi-
mental and theoretical data exhibit a second cnergy mini-
mum. Remarkably, this minimum does not occur at the in-
clination ¢,y = 90" of the symmetrical incoherent twin
boundary but occurs at ¢, = 82°. The minimum is less
deep and less pronounced than the minimum at ¢, = 0.

Computer modeling and HRTEM imaging have revealed
that the grain boundaries in the vicinity of the second mini-
mum of the y,[¢, 0] curve have a non-trivial structure, fea-
turing a thin slab of Cu with a rhombohedral structure along
the boundary [18. 19]. The following two sections deal with
the details of this grain boundary structure.

3.2 Structures Predicted by Computer Modeling

To calculate the structures and energies of the X3 (110) tilt
boundaries we have used a molecular statics algorithm. To
describe the interatomic interaction, we first employed an
embedded-atom potential of the type introduced by
Foiles, Daw, and Baskes [37]. Because this potential pre-
dicts unphysically low energies for stacking faults and
for the coherent twin boundary, we repeated our calcula-
tions with potentials of the Finnis-Sinclair type [38 to
40]. No significant differences were tound, but for subse-
quent work on the boundaries of the (211) tilt axis (Sec-
tions 4.1 and 4.2) we used the potentials of Foreman et
al. [39], since they had been fitted to give an acceptable
stacking fault energy as well as to predict the experimen-
tally observed lattice parameter and elasticity constants.

Because the algorithm we used for molecular statics can-
not overcome barriers in the potential, we have tried many
starting configurations to ensure that we identify the most
stable structure. The starting configurations we have tried
differ with respect to the number of atoms in the simulation
cell and with respect to the translation state (the rigid body
translation characterizing the relative positions of the two
grains).

Figures 4 and 5 depict the structures of the 82 °(110} and
the 90 (110} tilt boundary as obtained by molecular statics
calculations [43]. For both inclinations, the boundary has
the following characteristic features: (i) The boundary con-
stitutes a three-dimensional slab rather than a two-dimen-
sional disturbance of the crystal structure. The slab has a
thickness of about | nm. (ii) The two sets of {111} plancs
that lying parallel to each other in the two grains exhibit a
lateral offset (parallel to the boundary plane). The offset
amounts to 0.2 nm, which roughly corresponds to the dis-
tance d,,, between neighboring {111} planes in fcc (face-
centered cubic) Cu. Because of this offset the close-packed
layers crossing the boundary slab teature a smooth bending.
(iit) The slab forms two different types of interfaces with the
adjacent Cu grains. One interface (on the left in Figs. 4 and
5) corresponds to a small angle boundary consisting of
Shockley partial dislocations in every third close-packed
layer normal to the boundary plane. The other interface con-
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Fig. 4. Structures of the 3 82 (l 10} tilt boundary as obtained by
molecular statics calculations [18, 19, 41]. The viewing direction cor-
responds to the direction of the tilt axis, a common ¢ (110) direction of
the two grains. White and black \po[s indicate atoms in a and b layers of
the xldd\mg sequence ... abab ... of {110} layers along this (110}
direction.

sists of kite-shaped structural units and we refer (o it as the
large angle boundary. (iv) The stacking sequence of close-
packed layers in the boundary slab corresponds to

.abcbeacab... (3)

This stacking sequence characterizes a structure with
rhombohedral symmetry. In Pearson’s notation the strue-
ture is denoted as Sm [44]. Since the period normal to
the 3-fold axis includes 9 close-packed layers. we denote
this structure by 9R. The standard fee structure of Cu, in
contrast, corresponds to 3C in this nomenclature (in Pear-
son’s notation: A1). Analysis ol stacking sequences using an
Ising or Zdahnov |45] representation reveals that after the
fee structure of Cu and a hypothetical hep (hexagonal close-
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Fig. 5. Structure of the 390 {110} tilt boundary as obtained by mo-
lecular statics caleulations |18, 19 41]. The presentation corresponds
to Fig. 4. Note that the period of this boundary e¢quals only one third the
period of the X3 82 {110} tilt boundary.
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packed) structure (see section 4.2) the 9R structure corre-
sponds to the next simplest stacking pattern of close-
packed layers [43].

3.3 Structures Observed by HRTEM

Experimental HRTEM images of 3 (110} tilt boundaries
confirm the existence of a 9R slub [18. 19. 21, 22]. For ex-
ample. Figure 6 presents a high resolution image of the 82
(110} tilt boundary, recorded in the JEM-ARM 1250. This
incident electron beam was parallel to the (110} tilt axis
common to the two grains. The image belongs to a
through-focus series and was recorded at 30 nm underfo-
cus, which is close to the Scherzer focus of the JEM-
ARM 1250. Under these conditions the positions ol pro-
jected atomic columns coincide with the dark spots.

The grain boundary passes vertically through each im-
age. The lines overlaid with the HRTEM images indicate

. it "l i

Fig. 6. Experimental HRTEM image of the Cu 2382 (110} tilt bound-
ary (see Figs. e and 4) in {110} projection. The image has been re-
corded in the Stuttgart atomic resolution microscope ARM 1250
(top-entry lens). which achieves a point resolution of 0.105 nm [8].
In regions of bulk Cu the black spots coincide with the positions of
atom columns. The image reveals a thin slab of YR structure. which
relates to the standard fee structure of Cu (3C) by introducing a stack-
ing fault on every third {111} plane.
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Fig. 7. Experimental HRTEM image of the Cu 3 90 (110} 11l bound-
ary (see Figs. Id and 5). recorded under the same conditions as the
image in Fig. 6.
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Fig. 8. For the HRTEM images of the £3 (110} tilt boundarics with YR
structure, this graph translates image discrepancies (NED) into strue-
tural discrepancies (standard deviation & of colummn shifis). The dotted
eraphs characterize the scattering for constant a.

the nature and the position of the structural units in the
large angle boundary. as well as the position of the small
angle boundary. The periodic unit of the large angle bound-
ary consists of three kite-shaped structural units and a mi-
crofacet of coherent twin boundary parallel to {[11}. The
width w of the 9R zone in-between amounts to
w = 2.5 ac, where aey = 0.3615 nm denotes the lattice
parameter of Cu. Qualitatively. the experimentally ob-
served structure agrees well with the molecular statics
model in Fig. 4.

Figure 7 presents the corresponding image for the 90
(110} tilt boundary. Like Fig. 0 this image has been re-
corded close to Scherzer focus. thus the atom columns ap-
pear as dark spots.

We have used the images of Figs. 6 and 7 1o analyze in
detail the structure of the corresponding grain boundarics
[21.22]. For the 90 and the 82 boundary the residual
image discrepancy D* amounts to .77 and 0.32, respec-
tively. From Fig. 8 we learn that these values correspond
to column displacements with a standard deviations of
0.03 and 0.01 nm. respectively. Thus, the average uncer-
tainty of the column positions in the repeat unit has the or-
der of a few tenths ol an Angstrom. Error analysis of every
single column position in the repeat unit by an independent
method {9, 10] has revealed that the largest uncertainties
occur in the 9R region. Even here, however, the errors
do not exceed 0.025 nm.

Figure 9 presents the results of the structure refinement
and compares them with the predictions of the molecular
statics caleulations. In both figures we have aligned the the-
oretical and the experimental positions in the top left corner.
Figure 9a refers to the 82 {110} tilt boundary. The drawing
reveals an excellent agreement between the refined struc-
ture and the prediction of molecular statics caleulations.
In regions of bulk Cu there is perfect agreement. In the
YR region of the boundary, only small discrepancies ol
less than 0.05 nm occur between the theoretical and the ex-
perimental column positions. Still. these discrepancies are
significant because they cxceed the above error limits of
0.01 nm on the average and 0.025 nm in the 9R zone.

Z. Metallkd. 87 (1996) |1




F. Ernst et al.: Structure and Encrgy ol Twin Boundarics in Copper

For the 90 (110) tilt boundary, Fig.9b exhibits good
agreement between theory and experiment on the left
side of the boundary. In the YR region und on the right
side of the boundary we observe deviations of up to
2 (.05 nm. While these deviations are small, they exceed
the above error limit of 0.03 nm. and thus we consider them
as significant. On the right side of the boundary the streaks
indicating the mismatch between theory and experiment
have approximatcly the same size and direction. This
means that theory and experiment disagree on the rigid
body shift between the two grains. The theory overesti-
mates the expansion normal to the boundary plane and un-
derestimates the lateral offset, which breaks the mirror sym-
metry.

Table | summarizes the global differences between the
models obtained by molecular statics calculations and the
experimentally determined structures [46].

4 Twin Boundaries with (211) Tilt Axis
4.1 Measured and Calculated Grain Boundary Energies

Figure [0 depicts the experimental and theoretical energies
we have obtained for X3 (211} tilt boundaries |24, 25,
47.48]. At high inclinations the calculations yield energies
significantly larger than the measured cnergics. While the
discrepancy appears more pronounced than in Fig. 3 we
believe that it occurs for the same reasons — underestima-
tion of the surface energy in molecular statics calculations
(751, = 1.37 J/m" [41]), or experimental problems of mea-
suring the depth of the thermal grooves.

Still, the theorcetical and the experimental data indicate
similar dependencies of the grain boundary encrgy on the
inclination ¢,;,: The absolute minimum of the energy cor-
responds to the coherent twin boundary. Similar 1o Fig. 3.
a sccond minimum occurs at an inclination close to. but
not exactly at 90 . In Fig. 10 the calculated energies exhibit

(b)
. e 02 00
.. P ooo000
-2 0 0,05,

Figs. 9a and b. Comparison between the experimentally determined
structure of 3 (110) tilt boundaries with the prediction of molecular
statics caleulations [7]. The centers of the circles mark the column
positions determined by QHRTEM. while the theoretical positions cor-
respond to the ends of the streaks pointing away from the centers. Ac-
cordingly. the radii ol the circles indicate the deviation between theory
and experiment. The two sets of positions have been translated such
that they coincide in the top left corer. (a) £3 82 {110} tilt bound-
ary. (by X3 907 {110} tilt boundary.
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Table 1. Theoretical and experimentally observed propertics of £3
82 {110} and 2390 {110} tilt boundarices in Cu. a¢y — 0.3615 nin
denotes the lattice parameter of Cu.

Property T3 82 (110} 2390 (110}
Theory | Experiment | Theory | Experiment
Expansion normal | 0.05¢, .05 0.1 3acy 0.04ac,
to boundary plane
Thickness ol 9R | 1.7 lag, RERIES 1.33ac, 2.53ucy,
layer
Lateral offset 0.48¢¢y 0. 48y 0.37ac, 0.50a¢,
Angle between 15.6 12.8 15.4 1.2
close-packed layers
a second minimum at ¢,,, = 80 . Apparently, the experi-

mental data does not confirm the existence of such a mini-
mum but rather suggests a plateau for inclinations around
80 . However. both boundaries corresponding to the points
lett and right of the point at 84 ° were observed 1o facel,
while the boundary with ¢,,, = 84 does not facet. Be-
cause faceting decrcuses the average grain boundary en-
ergy these observations imply that the thermal grooving
experiments, which average over submicron facets, cor-
rectly deliver the energy for ¢, = 84 . while they under-
cstimate the energies of the two boundaries with slightly
smaller or slightly larger inclinations. If these two bound-
aries were not faceted their energy would be higher and the
experimental data in Fig. 10 would possess a second mini-
mum at 84 . Since the results of the molecular dynamics
calcutations refer to unfaceted boundaries, we concelude
that theory and experiment agree well and that the grain
boundary cnergy does have a second minimum at 84
(or 80 ).

Yo' Yoy
1.0
08 ' o
L ° o
f o}
0.6 : Q
i °
0.4
i lo] lo
i © : .
: em g
0.2 . L] -
@ " s '
¢ "
0 2 N n 4 " 1 " i "
0 10 20 30 40 50 60 70 80 90
01, [deg]

Fig. 10. Energy 7, of 3 {211) tilt boundaries versus the inclination
angle ¢,y 124, 25,47.48] (energy data in units of 55, the energy
of the Cu (211) surface). The data points with error bars represent ex-
perimental data obtained by thermal grooving experiments. while the
other points refer 1o molecular statics calculations. Among the former,
circular points correspond to unfaceted boundaries, while rectangular
points correspond to faceted boundaries.
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4.2 Structures Predicted by Computer Modeling

To calculate the structure of the £3 84" (211) tilt boundary
we have employed molecular statics as well as molecular
dynamics calculations with simulated temperatures be-
tween 500 and 900 K. In both types of calculations we de-
scribed the interatomic forces by a semi-empirical potential
of the Finnis-Sinclair type [38 to 40]. This potential [39] has
been fitted to reproduce the lattice parameter and the clas-
ticity constants of Cu single crystals with the fce structure.

Our molecular dynamics calculations are based on an
Andcrsen-Parrinello-Rahman  Lagrangian |49, 50]. en-
abling the simulation cell to vary with respect to volume
and shape while the hydrostatic pressure remains con-
stant. In each run we continued the relaxation until the fluc-
tuations of the kinetic and potential encrgy converged o
constant values, which means that equilibrium has been
reached. At the end of each calculations we “quenched’
the system to 7 = OK in 4 ps.

Figure 11 presents a ball model of the structure calculated
by molecular dynamics |24, 25. 47]. The viewing direction
corresponds to the (211) tilt axis of the grain boundary, and
the boundary plane traverses the image from the upper left
to the lower right. Similar to the 3 {110} tilt boundaries of
Figs.4 and 5 the caleulated structure of this boundary ex-
hibits the following features: (i) The boundary constitutes
a three-dimensional slab rather than a two-dimensional dis-
turbance of the crystal structure. The slab has a thickness of
about I nm. (ii) The two sets of (111} plancs that lying
parallel to each other in the two grains exhibit a lateral off-
set (parallel to the boundary plane). The offset amounts to

0.2 nm. which roughly corresponds to the distance |, be-
tween neighboring [ 111} planes in fee Cu. Because of this
oftset the close-packed layers crossing the boundary slab
feature a smooth bending. (iii) Similar o the X3 (110}
boundaries of Section 3 the material within the boundary
slab does not have the standard fee structure of Cu. In-
stead. it has the bee (body-centered cubic) structure of -
Fe (A2 in Pearson’s notation [44]).

To visualize the bee structure of the boundary slab the
lower inset in Fig. 11 shows the projected structure of the
marked region after rotating it by 45 around an axis par-
allel to the close-packed layers and parallel (o the image
plane. The inset shows a structure that corresponds o the
structure of a-Fe in {100} projection. Apart from a small
rotation. the {110} planes of the bee region correspond to
the {111} planes of the fee Cu in the adjacent grains, while
the {200}, planes correspond to {220} ...

According to the molecular dynamics calculations the
width of the bee slab increases with increasing tempera-
ture. The structure of Fig. 11 corresponds o a temperature
of 0 K. At 900 K. however, the calculations predict a wider
bee slab. The width oscillates in time with a period of about
70 ps. which is probably an artifact of the cell-size used in
the molecular dynamics simulation. Averaging the width
over a time interval of 260 ps (entire simulation) yiclds
two or three times the thickness at room temperature (the
exact value depends on the dimensions of the simulation
cell [47]). Detailed analysis of the 900 K simulations has
indicated that in the central region of the grain boundary
slab. the structure is more complicated when the slab is
wider. It appears to be a mixture of microscopic regions
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with the fee stacking of close-packed layers and regions
where the stacking sequence corresponds to the 2H struc-
ture, a hexagonal close-packed structure of the Mg type
(A3 in Pearson’s notation [44]). The outer regions of the
slab, however, tully preserve their bee structure. Further
details will be published elsewhere [51].

4.3 Structures Observed by HRTEM

Figure 12 presents an experimental HRTEM image of the
23 84" (211} tilt boundary in Cu {24, 25]. The image is
part of a focus series and has been recorded near Scherzer
focus in an ultrathin region of the TEM foil. The local foil
thickness does not exceed 10 nm. according to 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 condi-
tions the positions of Cu columns coincide with those of the
dark intensities in the HRTEM image. We emphasize, how-
ever, that the conclusions to be drawn below do not depend
on the details of the correspondence between the projected
structure and its HRTEM image.

The simultancous resolution of {111} and {220} planes
in both grains in Fig. 12 and the exact parallelism of the
{111} planes indicates that the orientation relationship
does not deviate by more than | from 23. The inclination
of the boundary plane in Fig. 12 amounts (0 ¢, = 85, in
good agreement with the macroscopic boundary inclination.
Theretore. the crystallographic parameters of the diffusion-
bonded bicrystal studied in our experiments match very
well with those underlying the molecular dynamics calcula-
tions.

Similar to the calculated structure in Fig. 1. the HRTEM
image of Fig. 12 exhibits an extended zone of distortion
along the boundary. The {111} atomic layers of the two
bulk crystals bend where they cross the boundary. This is
seen more easily in Fig. 12 when comparing the course
of the {111} fringes with the vertical straight line on the
right. From Fig. [2 we have obtained a preliminary struc-
ture model by applying the above method of cross-correlat-
ing the experimental tmage with the contrast pattern of a
single column ol Cu atoms. Figure 13 compares the result
with the structure of Fig. 11 predicted by molecular dy-
namics calculations. While an iterative structure reline-
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Fig. 14, Television image of the 3 84" {211}
tilt boundary at 900 K. recorded with the JEM-
ARM 1250 (side-eniry stage). By means of
digital image processing we have reduced
the noise and enhanced the contrast. This im-
age confirmy that the grain bounduary slab with
the bee structure persists at high temperatures.
The slab has a thickness of about 1 nm, which
does not differ much from the slab thickness
observed al room temperature (Fig. 12).
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ment has not been carried out yet, the real structure exhibits
significant discrepancy with the computer-simulated struc-
ture: The model obtained by molecular dynamics calcula-
tions overestimates the width ol the bee zone and the incli-
nation of the {110} planes against the {111} plancs.
Consequently. the calculations expect the offset between
corresponding { L1} planes across boundary to be twice
as large as in the real structure. Structure refinement will not
resolve these discrepancies: from the analysis of the £3 90
{110} tilt boundary wc cstimate that structure refinement
corrects the preliminary column positions by no more
than 0.02 nm.

Figure 14 presents a first image of the X3 84° (211) tilt
boundary at 900 K. Owing to a pronounced specimen drift

at this high temperature we had to record the image of

Fig. 14 with the television system attached to the JEM-
ARM 1250. To correct for the inferior quality of the TV
image we have reduced the noise and enhanced the contrast
of the image. After noise reduction and contrast enhance-
ment the image clearly reveals the {111} and {220} spac-
ings of Cu, like Fig. 12 does ut room temperature. Figure 14
confirms that the grain boundary slab of bee Cu also exists
at clevated temperatures. So tar, however, we have no ex-
perimental evidence for the oscillations of the slab width
one would except according to the molecular dynamics cal-
culations. Moreover, the image suggests that the slab thick-
ness at 900 K does not substantially exceed the slab thick-
ness at room temperature (compare Fig. 14 with Fig. 12).
Again, this result disagrees with the predictions of our mo-
lecular dynamics calculations. However, we must point out
that the image of Fig. 14 sufters from two problems: (i) The
oricntation relationship of the bicrystal deviates signifi-
cantly more from X3 than in the bicrystal of Fig. 12. (ii)
Owing to the high evaporation rate of the TEM specimen
at 900 K we have not yet succeeded in imaging the same
region at room temperature and 900 K. For these regions,
the image of Fig. 14 constitutes a preliminary result and
further experiments are required before we can [inally
prove or disprove the hypothesis ol slab broadening at
high temperature.

5 Discussion

For a simple orientation relationship like 3 one might
expect particularly simple grain boundary structures, for
which the coherent twin boundary constitutes a well-
known example. However, the experimental and theoreti-
cal data we have presented here reveals that X3 tilt
boundaries in Cu have a particularly complex structure
when the inclination approaches 90 against the {111}
plane of the coherent twin boundary. In the following we
focus on the common features of the £3 {110} and X3
{211) tilt boundaries with high inclination. For a discussion
of aspects special to cither one type of tilt boundary we
reler the reader to previous publications [18 to 22,24,
25, 46, 47].

The excellent agreement between HRTEM images and
computer-generated models on the one side and the agree-
ment between calculated and measured energies on the
other side confirm that the observed structures represent
in fact the most stable atom conligurations under the respec-
tive conditions. For both families of Z3 tilt boundarics the
HRTEM images and computer-generated models agree on a

920)

number of features, which appear to be rather unusual: (1) At
high inclinations aguainst the coherent twin boundary the
grain boundaries constitute three-dimensional rather than
two-dimensional crystal defects. (ii) The corresponding
atom arrangements have a lower symmetry than the
‘macroscopic’ symmetry of the bicrystals would allow
tor. (iit) In the volume of the slab that characterizes these
boundaries, Cu adopts unusual crystal structures: 9R and A2
(bce) or A3 (hep).

The X3 orientation relationship guarantees that the two
grains have one set ol close-packed layers parallel to
cach other. At the boundary pluane. however. these layers
cannot match each other because they meet with opposite

stacking sequences: ...abcabc...in onc grain  versus
...cbacbu. .. in the other grain. Formally, one can truns-

form the fce structure into 9R or hep by sliding those
close-packed {111} layers over cach other in order to
change their stacking sequence. Similarly, sliding and
straining those close-packed layers transforms the fee struce-
ture into the bee structure and converts the close-packed
{111} layers of the fee structure into the close-packed
{110} Tayers of the bee structure. Thus, while the three
“alternative” structures of the boundary slab differ in crystal
symmetry. they have one feature in common: They continue
closed-packed {111} layers of the lcc structure across the
grain boundary — even though this requires to “slide” these
layers laterally against each other.

Continuation of close-packed layers seems (o be energet-
ically favorable, irrespective ol the stacking sequence. We
conclude that the 9R and bee (or, at high temperatures, hep)
structures form as a compromise combining continuation of’
close-packed layers with good matching between layers that
have different stacking positions in the two grains.

Concerning the width of the boundary slab. we propose
that mechanical equilibrium requires balancing of two en-
crgy terms with opposite dependencies on the slab width.
The first energy term corresponds to an elastic repulsion
between the two slab/grain interfaces — the interfaces that
the boundary slab makes with the adjacent grains. The re-
pulsion reflects the energy that would be required to replace
the two interfaces by a single boundary. which would have
high energy because of reversing the stacking sequence
abruptly. The exponential stress-distance dependence of
small angle grain boundarices [52] suggests that one may
model the repulsion between the slab/grain interfaces by
an energy term that decrcases exponentially with increas-
ing width of the boundary slab [22]. The second encrgy
term corresponds to the energy increase associated with
the excess energy the slab structures has over the fce struc-
ture. This term increases proportional to the width ol the
boundary slab, thus corresponds to an attraction between
the two slab/grain interfaces.

Since the boundary slabs we observe have a substantial
width the energies of the corresponding ‘alternative’ crystal
structures cannot significantly exceed the energy of the fee
structure. In fact, we know from ub initio calculations on
Cu that the energy difference between the fee structure
(ground state) and the YR structure or the hep structure is
rather small [43]. Likewise, the energy of bee Cu is not
substantially higher than the cnergy of fec Cu |53, 54|. Ex-
perimental observations confirm that the respective cnergy
differences are not too large: Cu with 9R structure has been
obscrved in the form of precipitates in Fe-Cu and Fe-Cu-Ni
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alloys [55]. while epitaxy of Cu on a-Fe [S56] or precipita-
tion of Cu in an a-Fe matrix [57. 58] yields Cu with the bee
structure.

Because these arguments are quite general, one may ex-
pect grain boundary structures similar to those we have dis-
cussed here also in other fee metals with Tow stacking fault
energy. In fact, 3 (110) tilt boundaries with 9R structure
have also been observed in Ag [22. 46. 59] (including the
characteristic variation of the boundary energy with incli-
nation angle [60]) and Au [61].

While the HRTEM images and computer-modeled struc-
tures agree on the characteristic fcatures of the grain bound-
aries, discrepancics remain concerning the precise posilions
of atoms or atom columns. For the £3 847 (211) tilt bound-
ary these discrepancies are relatively large. On the other
hand, the significance ol the discrepancies is rather low be-
cause the structure obtained by molecular dynamics relaxa-
tions exhibit substantial variation themselves. The reason
for these variations lies in the rather long period of the
grain boundary structure and in the relatively complex in-
teraction with secondary defects |47).

For the 23 {110) tilt boundarics the calculated structures
are unique, and thus the discrepancies with the experimen-
tally observed atom positions appear to be more significant.
According to Fig. 9 the semi-empirical Finnis-Sinclair po-
tential employed in the molecular statics caleulations under-
estimates the width of the 9R slab. A similar result is even
found with the embedded-atom potential, although this po-
tential predicts a stacking fault energy substantially smaller
than in reality. This implies that the calculations do not cor-
rectly reproduce the repulsive interaction between the small
angle and the large angle boundary. cither. The reason for
this may be that the potential underestimates the repulsive
forces between two atoms closer than the next neighbor
distance in Cu.

This work presented here shows that the energy and the
structure ol twin boundaries in Cu sensitively depend on the
boundary inclination. In particular, both inclination depen-
dencies of the grain boundary energy (Figs. 3 and 10) exhib-
it a second minimum besides the minimum corresponding
to the coherent twin boundary.

It is well known that grain boundaries of minimum en-
ergy occur for orientation relationships exactly at or close to
low-Z orientation relationships and at particular inclinations
of the boundary plane [1. 2.7 to 13]. An important differ-
ence exists. however, between the roles that the orientation
relationship and the boundary plane inclination play in the
formation of energetically favorable grain boundaries in
polycrystals: diffusion can change the inclination of a grain
boundary. but not the orientation relationship between ad-
Jjacent grains (except for extremely small grains, which may
rotate).

Evidence for pronounced effects of the grain boundary
inclination has recently been obtained from experimental
observations on grain boundary phase transitions [14]. In
those experiments, the encergy minimum at a low-X orienta-
tion rclationship has been observed to disappear above a
critical temperature 7¢ and at the same temperature the
grain boundary also looses other “special” properties.
These observations have been interpreted in terms ol a
faccting transformation, in which a grain boundary with
high energy dissociates into facets with low energy. In
fact. such faceting phase transitions have been experimen-
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tally observed in Cu [42, 48, 62| and Ag [60]. In both me-
tals, twin boundaries with random inclinations were ob-
served to dissociate into facets of coherent twin houndary
and facets whose inclinations correspond o the above
boundaries with either the 9R or the bee structure. The fa-
cets forming on X3 (110} tilt boundaries in Cu [39] and Ag
[37] have nearly the same geometry.

Again, this suggests that the alternative structures ob-
served in Cu X3 tilt boundaries can also form in other
fce metals.

It has been established that with varying orientation re-
lationship kinetic properties of grain boundaries. like diftu-
sivity or mobility, vary in the sume sensce as the grain bound-
ary cnergy but even more pronounced [1, 2, 14. 48]. Evi-
dence for strong variation of kinetic properties has been
obtained. for example. for the 86 (1120} (il boundary
in Zn [15]. Varying the inclination of this boundary
changes its mobility over three orders of magnitude. There-
tore, we expect that the strong inclination dependence of the
grain boundary energy and structure we have observed for
Cu twin boundarics goes along with even stronger varia-
tions of kinetic properties of these grain houndaries.
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