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Abstract

The faceting of a tube-like tilt grain boundary (GB) in Cu bicrystals has been studied in the temperature interval from 0.5 to 0.95 of
the melting temperature 7y, (T,,, = 1356 K). The grains of the bicrystals form the coincidence site lattice (CSL) with inverse density of
coincidence sites ¥ = 3 and ~ = 9. No rounded edges between facets were observed up to 0.957,,. With decreasing temperature new fac-
ets of increasingly higher CSL indices appear. At 0.5T}, six crystallographically different X~ = 3 facets exist simultaneously. The appear-
ance of high-index CSL facets can be explained by the roughening phase transition of a Kosterlitz—Thouless type. The ratio of GB energy
oggp and surface energy oy, of the specimen was measured by applying atomic force microscopy to the profile of the GB thermal groove
formed upon additional annealing. The Wulff-Herring diagrams were constructed using measured ogg/o,, values.
© 2005 Acta Materialia Inc. Published by Elsevier Ltd. All rights reserved.
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1. Introduction

High-angle grain boundaries (GBs) are those with mis-
orientation angles 0 above 15°. They cannot be described
as an array of lattice dislocations because at high 0 the dis-
location cores merge. At certain misorientations 60y, called
coincidence misorientations, a part of the lattice sites of the
lattice 1 coincide with the lattice sites of the lattice 2, form-
ing a coincidence site lattice (CSL) [1]. A CSL is character-
ized by a parameter X (X being the inverse density of
coincidence sites). At exactly 0z GBs have a perfect peri-
odic structure. These coincidence GBs possess extreme
properties like low energy ogp, migration rate, diffusion
permeability and high strength, see [4] and references there-
in. The coincidence GBs also tend to facet. A curved GB
breaks by faceting into an array of flat segments. These seg-
ments are frequently parallel to those CSL planes which are
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densely packed with coincidence sites. Strictly speaking, a
CSL exists only at exactly 0s. Any low deviation
AO =10 — 0x| destroys the geometrical coincidence of lat-
tice sites. However, a near-coincidence GB tends to con-
serve its low-energy structure up to a certain Af. The
structure of such (special) GBs consists of portions of per-
fectly coincident lattices separated be the intrinsic GB dis-
locations (IGBDs) [2]. The IGBDs have a Burgers vector
bs. bx is shorter than a Burgers vector of lattice disloca-
tions b: by = bX 2. It has been demonstrated that the spe-
cial GBs conserve their special structure and properties up
to a certain critical misorientation A6, and temperature 7
[3]. AB. decreases exponentially and 7T, decreases paraboli-
cally with increasing X [4]. In other words, with decreasing
temperature, more GBs with higher X result in special
structures and properties.

The physical reason for such behavior can be the GB
faceting-roughening phase transformation similar to that
of free surfaces [5-7]. The free energy of individual
steps in a flat surface facet decreases with increasing
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temperature. At a certain temperature 7r a step energy
becomes zero. If Tr < Ty, (T4, is the melting temperature)
the flat facet cannot be stable above Ty due to the sponta-
neous formation of step arrays and becomes rough (rough-
ening transition) [8]. The GB roughening transition has
been observed in SrTiO3 between 1773 and 1873 K [9].
The GB roughening transition of second order has been
observed recently in Mo [10]. It has been predicted theoret-
ically that the Ty is lower for the facets with higher step
energy (i.e., for the facets less densely packed with lattice
sites) [8]. Experimentally, a sequence of three roughening
transitions for different surface facets at different7 has
only been observed in solid helium [11].

CSL plays a role for GBs similar to that of the crystal
lattice for free surfaces. Therefore, one can expect that with
decreasing temperature, new GB facets with decreasing
density of coincidence sites can appear [9,12] similar to
how the GBs with high X become special at low tempera-
ture [4].

2. Experimental

For the investigation of GB faceting, a cylindrical Cu
bicrystal with two coaxial grains was grown by the Bridg-
man technique from Cu of 99.999 wt.% purity. The grain
1 in this bicrystal is completely surrounded by the co-axial
grain 2 forming the X9 (110) tilt GB. The {111}/{115}
inclination of the X9 GB is unstable against the dissocia-
tion reaction: X9 — X3 + X3. Therefore, elongated twins
(Fig. 1) with well developed X3 GBs appear during the
growth of bicrystal, instead of {111},/{115}, [or
(110)s9cst] facets (the subscripts 1 and 2 correspond to

Fig. 1. The section of the as grown bicrystal with 29 (110) tilt GB. The
grain 1 is completely surrounded by the grain 2. Close to the {111},/
{115}, inclination the X9 GB dissociates into two X3 GBs (the subscripts
1 and 2 correspond to the grains 1 and 2). Positions of the 29 and X3 GBs
are shown.

the grains 1 and 2) [11]. The (110) axes in both grains
are parallel to the growth axis. Therefore, the X3 (110) tilt
GB in the cylindrical sample with (1 10) cylinder axis con-
tains all crystallographically possible inclinations. 2.5 mm
thick platelets were cut from the grown bicrystal perpendic-
ular to the growth axis. 23 and X9 GBs are normal to both
sample surfaces. The platelets were ground with 4000 SiC
paper and polished with 3 and 1 um diamond paste. After
that they were annealed in 80% Ar + 20% H, gas mixture
(purity of gases was 99.999%) at pressure of 2 x 10* Pa at
different temperatures and times (1293 K, 48 h; 1073 K,
2374 h; 973K, 4320h; 923K, 4320h; 873 K, 2391 h;
673 K, 6480 h). During the annealing the GBs migrate
slowly (107 1°-107'® m/s) under the action of capillary driv-
ing force. The GB migration permits the facets to develop
which are in equilibrium at the respective annealing tem-
peratures. The annealed samples were than etched in 50%
HNO; aqueous solution. The GB shape was photographed
in polarized light in bright and dark field with the aid of an
Zeiss Axiophot optical microscope. The sample annealed at
1293 K was then carefully repolished and annealed 48 h
once again in order to form GB thermal grooves. The pro-
files of the GB thermal groove formed were analysed with
the aid of the Topometrix 2000 Explorer atomic force
microscope (AFM) operating in the contact mode. The
typical field analyzed with the aid of AFM had dimensions
of 50 x 50 um containing 500 x 500 pixels. For the analy-
sis, 10 neighboring profiles were used to obtain a mean GB
groove profile. The ratio between GB energy ogp and sur-
face energy oy, was calculated from the relation
0GB = 204, C0os5 using the values of the measured GB
groove angles o [13]. This simplified equation is derived
from the Herring condition for local equilibrium that bal-
ances the tangential and normal (torques) forces at a triple
line. To reach the equation above, the torques were as-
sumed to be zero. This approximation is normally used
for metals with a face-centered cubic (fcc) lattice since their
surfaces are nearly isotropic [11-14]. In addition, the GB is
always normal to the sample surface, the groove angle o is
close to 180° and the groove surface is continuously curved
(it does not contain any facets). GB torques may be signif-
icant close to the intersections of GB facets. Therefore, the
groove angle o has been measured far away from GB facet
edges. The distance from an intersection of GB facets to the
measurement place was at least 10%w, where w is a groove
width. For the determination of the groove angle not only
the groove tip but the full groove profile was used [15].

3. Results and discussion

At T=1293 K =0.95T,, (i.e., very close to the melting
temperature) two facets appear at the 23 GB: {111}/
{111}, or (100)cs. and 9R. Their crystallography is
shown in Fig. 2(a). The Wulff-Herring plot with oGp/ogur
ratios for both facets measured by thermal grooves is
shown in Fig. 3. In this plot the interface free energy
per unit area f{m) is drawn as a polar plot (Wulff plot,
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Fig. 2. Sections of X3 CSL perpendicular to the {110} tilt axis with position of various facets (left) and micrographs of intersections of (100)cs;. with
other facets (right). (a) (100)cst, and 9R facets, 1293 K; (b) (100)cs,. and (010)csy. facets, 673 K; (c) (100)¢cs. and (110)csy. facets, 923 K; (d) (100)csi
and (120)cst. facets, 973 K; (e) (100)cst, and (130)csy. facets, 673 K. The lattice indexes are also given for all CSL facets.

sometimes called y plot). The shape of fim) (solid line) be-  from f(m) as the interior envelope of the family of perpen-
tween measured values for the GB facets (open circles) is  dicular planes passing through the end of radius-vectors in
shown schematically. One obtains the crystal shape r(h)  each point of f{m). Such a crystal shape corresponds to the
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Fig. 3. Wulff-Herring energy f{m) (thin solid line) and resulting ECS r(h)
(thick solid line) in plane section perpendicular to the {110} tilt axis for
the X3 GBs in Cu at 1293 K. Open circles represent the GB energy ogp for
the (100)cs.. and 9R facets measured with the aid of AFM. 6 and ¢ are
angular variables which measure interfacial orientation (m) and crystal
shape (h), respectively. The cusps (dashed thin curves) for the {211}/
{211} or (010)csr, {100}1/{112}, or (110)csr, {411}1/{111}, or
(120)cse and {522}1/{144}, or (130)csy. facets with perpendicular planes
touching the r(h) are also shown.

minimum of the free energy. ogg of {111};/{111}, or
(100)csy (symmetric twin GB) is very low, and therefore,
according to the Wulff plot, the resultant equilibrium crys-
tal shape (ECS) corresponds to the well known shape of
elongated thin twin plates in Cu. However, the ECS differs
from the GB shape shown in Fig. 1. It has to be underlined
that the fully equilibrium shape cannot be reached for GBs
(as it was, for example, for the surfaces of small Cu crystals
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[16]). This is due to the fact that the condition of constant
crystal volume is not applicable for grains. The grain 1 is
similar to the slowly dissolving crystal, and grain 2 is sim-
ilar to the slowly growing one. Therefore, the ECS for GBs
can only be constructed analytically based on the measure-
ments of energy for all GB facets and curved portions (if
they are present). One can expect that at the end of the twin
plate the next densely packed {211},/{211}, or (010)cst
facet would appear which is perpendicular to the most den-
sely packed {111},/{111}, or (100)cs. plane. However, at
high temperatures the twins in Cu are not rectangular, un-
like those in Au [17]. The facets at the end of twin plates
form an angle of 82° with the (100)cs;. plane. This 82° fa-
cet does not correspond to any low-index CSL plane. The
minimum of ogp (6) at 82° is due to the formation of a thin
GB layer with so-called 9R structure forming a plate of
body-centered cubic GB phase in the fcc matrix [18-20].
The (100)cs1/82°9R edges of the twin plates are sharp.
AFM reveals only minor corner rounding (less than
1 um). This feature is reflected in Fig. 3 by the fact that
the edges of the ECS r(h) are inside of the Wulff plot
flm) and do not touch it. This suggests that facets
(100)csy. and 9R in Cu remain stable until melting temper-
ature Ty, and their roughening temperatures 7R [(100)cs; ]
and Tx [9R] are higher than T,.

By decreasing the temperature new facets appear in the
ECS of the X3 GB. The results are given in Figs. 2 and 4.
These additional facets are {211},/{211}, or (010)csL,
{100},/{112}; or (110)csL, {411}1/{111}5 or (120)csL
and {522},/{144}, or (130)csr. All of them are less den-
sely packed CSL facets than {111};/{111}, or (100)cs;..
At T=673 K =0.5T,, six crystallographically different
facets exist simultaneously for 23 GB. All observed edges
between the facets are sharp. Hence, the new facets appear
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Fig. 4. (a) (T, 0) and (b) (7, ¢) interfacial stability diagrams for X3 {110} tilt GBs in Cu plotted according to the approach [8]. 6 and ¢ are angular
variables which measure interfacial orientation (m) and crystal shape (h), respectively, in an equatorial section perpendicular to the {110} tilt axis of the
three-dimensional stability diagram. The (7, 0) stability diagram (a) shows positions of cusps in the Wulff plot for 7' < Tg¢. The (7, ¢) stability diagram (b)
plots the angular regions for the faceted areas of GB shape. @ and x are experimental data obtained in this work, B are experimental data from [18,30-36],
V are results of modeling [37]. Only CSL indexes are given in the figure, the respective lattice indexes are: {111},/{111}; for (100)cst, {211},/{211}, for
(010)csL, {100},/{112}, for (110)csp, {411},/{111}, for (120)csy and {522},/{144}, for (130)csy.
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not at the rough rounded parts of the GB, as observed for
surface facets in Pb, Au or He [11,21,22], but at the sharp
edges between existing facets. It means that the tempera-
ture Trr when a less densely packed CSL facet really ap-
pears in the ECS is lower than the true roughening
temperature Tr for this facet. This feature is illustrated
schematically in Fig. 3 for the {211},/{211}, or
(010)csL, {100},/{112}5 or (110)csL, {411}1/{111}5 or
(120)cst. and {522},/{144}, or (130)cs;. facets. At Tr
the cusp in f{m) appears but it is too shallow to contribute
to the ECS, and the (130)csp facet is metastable. Only
when temperature decreases, does the cusp become deep
enough, and the metastable facet becomes stable and ap-
pears at Trr in the ECS. At Tgy the plane perpendicular
to the radius-vector at the respective cusp in f(m) for
(hkl)csy facet touches r(h), and the (hkl)csp facet appears
in the equlibrium shape. If we suppose that 6;/a(100
remains unchanged at low temperatures, we can estimate
the values o,4,/0(100) for the less densely packed (hkl)cse
facets from this construction in Fig. 3. The estimated and
measured oy, ]/0'(100) values are given in the Table 1.

According to theory [23,24], the roughening transition is
of the Kosterlitz-Thouless type, and should occur at the
roughening temperature Tg, given by

kTg = zdez/Tc7 (1)

where k is Boltzmann’s constant, yr the interface stiffness
at Tr, and d the interplanar spacing, i.e., the distance be-
tween subsequent crystalline planes, measured in the direc-
tion normal to the surface.Neglecting the anisotropy of
interfacial tension [23,24] one can substitute the interface
stiffness yr by ogg.In the case of the GB one has to use
the displacement shift complete lattice [1] and grain bound-
ary shifts lattice [25] to define d, being the height of the ele-
mentary step for each CSL facet (Table 1).If one uses for
the 6100y the values of stacking fault energy in Cu
(5.5x 107* J/m*> [26] or 7.8 10~* J/m? [27] one obtains
Tr = 1.4-19Ty, for the {111};/{111}, or (100)csy facet
in Cu.Using the measured value gor/0(100) =06 (Fig.3)
one obtains from Eq.(1) Tr = 0.9-1.3T}, for the 9R facet.It
reflects well the fact that {111},/{111}, or (100)csr. and
9R facets remain in the ECS of =3 GB in Cu up to
Tw.In other words, the Eq.(1) derived for surface roughen-
ing based on the Kosterlitz-Thouless type theory [23,24] is

Table 1

also applicable for GBs.Therefore, using the temperature
of actual appearance of each facet Try instead of 7Ty in
Eq.(1), one can estimate again the oy,4,/0(100) values for
the less densely packed (hk/[)csy, facets. These data for esti-
mated and measured 0,4 /01 oyvalues are also given in Ta-
ble 1.The discrepancies with thes,x//a(100) estimations
obtained from the Wulff plot could be due to the fact that
Trr 1s lower than actual (and unknown) Tx. The same X3
GBs behave quite different in other materials [10,28]. Short
(100)csy, facets appear close to Ty, on the otherwise rough
23 GB in Mo [10]. Four different CSL facets, namely
(100), (110), (120) and (210) separated by rough GB por-
tions coexist close to Ty, in 23 GBs in Nb [28].

In Fig. 4(a) and (b), the stability diagrams for X3 facets
are shown for O(m) and ¢(h) according to the approach
proposed in [8] for the ECS. Since all X3 GBs studied
were completely faceted, no fields corresponding to the
rough phases are present in these diagrams. Vertical lines
in Fig. 4(a) indicate the facets in the ECS. Surface or
interface orientations between the vertical lines in
Fig. 4(a) are unstable to the formation of ‘hill-and-
valley” structure [1] in a dynamic process called “thermal
faceting”. In other words, if one deliberately produced a
plane GB with an intermediate inclination (for example
0 =45°) and annealed it at 7=0.9T,, the GB would
decompose into the (100)csy and 82°9R facets (see
Fig. 3(a)), as was observed experimentally in [27-29]. A
similar diagram is shown in Fig. 5 for X9 GBs. The
increase in the number of stable facets with decreasing
temperature is also observed. In Fig. 4(b), the angular
areas ¢(h) are marked for X3 ECS. The crosses mark
the ¢ values where respective facets intersect. The 9R/
9R edges lie above Tgry for the {211},/{211}, or
(010)csy, facet at ¢ =90°. The position ¢ =78° of
(100)csi./9R edge at T=1293 K =0.95T,, is estimated
from the experimentally measured Wulff-Herring diagram
(Fig. 3). Unfortunately, at temperatures lower 1200 K, the
thermal groove is too shallow and cannot be used for
0Ge/ 05 measurements. Therefore, the edge positions for
other pairs of facets are shown in Fig. 4(b) only schemat-
ically. Another experimental method like chemical or
ionic GB etching or GB contact with liquid phase will
have to be applied in future in order to construct the
Wulff-Herring diagrams for low 7.

The inclination angles 6, height of elementary step  in units of fcc lattice spacing a and 6,4 /6190y values [measured and estimated from Wulff plot and

Eq. (1)] for various 23 CSL facets in Cu

Facet {111y,/{111},  {211},/{211}, 9R {100},/{112},  {411},/{111},  {522},/{144},
or (010)csL or (010)csL or (110)csL or (120)csL or (130)csL
0, deg 0 90 82 55 36 25
dfa 0.86 0.58 0.58 0.42 0.33 0.24
Gnkil o100 1 (m) 6.1 (e) 6(m) 5.1(e) 5.2 (e) 5.6 (e) Measured (m) and estimated (e)
from Wulff plot (Fig. 2)
Gnkil o100 1 (m) 0.7 (e) 6(m) 2 (e) 3.5 (e) 6 (e) Measured (m) and estimated (e)

from Eq. (1)
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Fig. 5. (7, 0) interfacial stability diagram for 29 {110} tilt GBs in Cu
plotted according to the approach [29] showing positions of cusps in the
Wulff plot for T < Try. @ are experimental data obtained in this work, l
are experimental data from [35,36,38], ¥ are results of modeling [37]. Only
29 CSL indexes are given in the figure, the respective lattice indexes are:
{111}1/{11 1}, for (110)csy, {144}1/{144}; for (010)cs, {100},/{447},
for (71,2,0)CSL, {522}1/{1 1 1}2 for (717150)CSL9 {122}1/{122}2 for
(100)esL, {13,1,1},/{11,5,5}, for (—=1,3,0)csL, {111}/{1,11,11}, for
(SOO)CSLa {755}1/{ 1 77}2 for (3 1 O)CSLa and {21 1}1/{ 1 55}2 for (2 1 O)CSL-

4. Conclusions

1. The cylindrical 23 and X9 (110) tilt GBs in a Cu bicrys-
tal, presenting all crystallographically possible inclina-
tions with respect to the (1 10) tilt axis, become faceted
upon annealing between 0.35 and 0.957,,.

2. The {111}/{111}, or (100)csL, {211}/{211}, or
(010)csL, £100}/{112}5 or (110)csr, {411}/{111},
or (120)csy and {522},/{144}, or (130)cs;. facets and
the non-CSL 82°9R facet are observed for the 23 GB.

3. The number of facets increase with decreasing tempera-
ture and reaches 6 at 0.357, for the 23 GB.

4. Wulff-Herring plots, constructed on the basis of GB
energy measurements for the various facets (relative to
the surface energy, on the basis of thermal groove profile
measurement by AFM), for the first time allowed deter-
mination of the ECS as a function of temperature.

5. No rough edges (corners) between facets were observed,
implying that the roughening temperature 7y for these
facets in Cu is higher than the actual appearance tem-
perature Tgy.
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