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Abstract

Copper tricrystals with a common crystallographic axis (100), (110), (111) were fabricated by the Bridgman technique. Utilizing
atomic force microscopy, the topography of the grain boundary triple junctions for the three crystallographic systems were investigated.
The grain boundary free surface energy and the grain boundary triple line energy were determined for specific crystallographies of

tricrystals.
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1. Introduction

Grain boundary triple junctions affect materials’ behav-
ior, especially the microstructural evolution of polycrystal-
line materials. In particular, they can exert a considerable
drag on moving grain boundaries [1-3]. Recent studies
have demonstrated that triple junctions have distinct ther-
modynamic and kinetic properties that distinguish them
from the connected grain boundaries. A limited mobility
of grain boundary triple lines is one cause of grain bound-
ary drag and slows down grain growth in nanocrystalline
materials [4,5]. Grain boundary triple lines, as one struc-
tural element of polycrystals, therefore, have been recog-
nized to impact microstructural evolution [6-8]. This
generates new opportunities for controlling and designing
fine grained and nanocrystalline materials through the
impact of triple junction drag on recovery, recrystalliza-
tion, and grain growth.

While grain boundary thermodynamics and kinetics
have been addressed frequently in the past, very little is
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known of the thermodynamic properties of grain boundary
junctions. They have been identified as nucleation sites for
precipitation and recrystallization [9], and as a locus of
plastic yielding, allowing plastic deformation to occur in
both polycrystalline bulk material and thin films
[8,10,11]. Also, during creep deformation at high tempera-
tures, triple lines constitute major obstacles to grain
boundary sliding and frequently are nucleation sites for
cracks [12]. They were also found as the location of
enhanced solute segregation of bismuth in copper [13]
owing to the line tension of grain boundary triple lines
which in turn causes a drag effect of solute atoms on triple
junction motion and consequently on triple junction
mobility.

These examples demonstrate that grain boundary triple
lines have properties distinct from those of the connected
grain boundaries. However, so far only a few attempts have
been made to investigate the triple line energy experimen-
tally as well as theoretically. Nishimura [14] and Fortier
et al. [15] assumed that the triple junction pit on the surface
has the shape of a tetrahedron, and on this basis they deter-
mined the triple line energy to be at least 5 x 1077 Jm ™' in
copper. With the same concept, Kim et al. [16] concluded
from results on nanocrystalline thin films of ZrO, that
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~20% of the triple junctions in ZrO, exhibited a detectably
elevated energy. As shown in Ref. [17], however, the mea-
sured quantity did not reflect the true grain boundary triple
line energy. It can be determined, though, if the dependence
of the grooving angle on groove root curvature is taken
into account [17]. Since a curved groove root experiences
an additional pressure, similar to the Laplace pressure, it
is possible to measure the grain boundary free surface triple
line energy, i.e. the energy of the groove root line. For poly-
crystalline copper it was determined to amount to
(16.8 +7.0) x 1072 Jm™~' [17]. The grain boundary triple
line tension can then be derived from the line tension equi-
librium of three grain boundary groove roots and the triple
line (Fig. 1). For a random triple line in copper it was mea-
sured to be (6.3 £+ 2.8) x 1072 I m~! [17]. However, all pre-
vious results were obtained on random grain boundaries
and triple lines. In this work, we used the method outlined
in Ref. [17] to derive the grain boundary free surface energy
and grain boundary triple line energy in copper tricrystals
with defined crystallography.

When a grain boundary is perpendicular to the surface,
and the orientation dependency of the surface energy can
be neglected, the grain boundary energy can be derived
from a measurement of the dihedral angle on a straight
groove root (Fig. 2a):

0
s = 25055 (1)

Groove root 1-2

X

Triple line
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where 0 is the dihedral angle, and yg, 75 are the free surface
energy and grain boundary energy, respectively. The dihe-
dral angle 0 will be changed by a curvature of the groove
root to an angle ¢ (Fig. 2b). By measuring the dihedral an-
gles of the groove root with curvature, the grain boundary
free surface triple line tension 7™ can be determined:

0 ¢
P = 2y (cosi —cos 5) R 2)

where R is the radius of curvature at a given point of the
groove root.

The force equilibrium in the triple line direction yields
the grain boundary triple line energy:

Vi = veasind s + 9Py sin {5 4+ 98 sin o4 (3)

(1.2, {13, and {» 3 are the inclination angles of each groove
root at the triple junction (Fig. 1b).

2. Experimental setup

To obtain crystallographically defined tricrystalline spec-
imens, copper tricrystals with specific orientations of three
single crystal seeds were grown by the Bridgman technique
[18]in a vacuum of ~10~> mbar (Fig. 3). The orientations
of the grains in the tricrystals were characterized by the
X-ray Laue technique after tricrystal growth, with an accu-
racy of 0.1°. With the coordinate system given in Fig. 4, the

Triple line

(b)

Fig. 1. (a) Schematic three-dimensional (3-D) view of the line geometry at a triple junction. (b) AFM 3-D view of the line tension equilibrium at a triple

junction.

(b)

Fig. 2. (a) Grain boundary groove formed at a flat grain boundary with no variation in height. (b) Grain boundary of a flat grain boundary with a curved

groove root.
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Fig. 3. Schematic arrangement for the tricrystal fabrication in a Bridgman
furnace.

deviation of the common crystallographic axis from the
normal of the specimen (x-axis) will be given by the rotation
angles Ay, Az with respect to the y-axis and z-axis.

A grown tricrystal was sectioned perpendicular to the lon-
gitudinal specimen axis into slices of 2 mm thickness. These
slices were etched with nitric acid to reveal the location of the
grain boundaries on both the top and bottom surface to
ascertain that the grain boundaries and triple junctions were
perpendicular to the surface. They were ground with abra-
sive paper P1200, P2400, and P4000 and then mechanically
polished with a water-based diamond suspension of 3 pm
and 1 pm.

To obtain a smooth surface, electropolishing was used
[19]. The specimens were shaped by spark erosion
(Fig. 3), and two holes with diameter 1 mm perpendicular
to each other were drilled on a lateral surface to connect
a copper cable to the specimen. It was fixed by a 1 mm
screw driven from the other hole (Fig. 4a). The attachment
was hosed by an electrically insulating slip tube which was
shrunk by heat for a tight fit to avoid contamination of the
electrolyte (Fig. 4b).

The specimens were electropolished at room tempera-
ture in a still electrolyte (274 ml 85% ortho-phosphoric
acid + 66 ml distilled water). The low voltage of 1.75V
caused a slow electropolishing for at least 1 h, which guar-
anteed a high surface quality.

After electropolishing, the copper tricrystal specimens
were annealed at 980 °C for 2 h in a vacuum furnace. To
ensure the formation of a thermal groove by surface diffu-
sion, the specimens were covered with an alumina sheet to
reduce evaporation of the surface. Subsequently, the sur-
face topography of the tricrystal was examined by atomic
force microscopy (AFM).

"

Fig. 4. Tricrystal geometry used for electropolishing: (a) fixing of the wire
and (b) protection from contamination.

The raw data of AFM images consist of a series of dis-
crete points in three dimensions and have to be converted
by a specific software to realistic features, e.g. by removing
surface tilting, which could introduce an additional error
for angle measurements.

The softwares XEI and scanning probe image processor
(SPIP) can easily derive the profiles from AFM images. To
extract the profile of a groove and the dihedral angle with
high precision, we used the raw data of the AFM images
after a plane fit. Then, the dihedral angle can be derived
from the profile on a plane perpendicular to the surface.

After such fit of the whole area, the deepest point of the
profile is associated with the position of the triple junction.
Correspondingly, the image is subdivided into three sec-
tors, each of which has one grain boundary. The three sec-
tors are examined line by line. The deepest point of each
line corresponds to the groove root. This information is
used for further analysis.

3. Results

The misorientations of the three grain boundaries in a
(100) copper tricrystal were GBjy: 21.3°(100), GBy3:
30.7°(100), GBy3: 9.4°(100). Fig. 5a and b reveals a top
and bottom view of the surface in the vicinity of the
(100) triple junction. The measured thermal groove depth,
the dihedral angle of the three grain boundaries, the grain
boundary energy and the deviations of the (100) axis from
the normal of the specimen in each grain are given in Table
1. It is obvious that the low angle grain boundary GB,; has
the lowest energy, and thus renders a shallow groove root
towards the triple junction (Fig. 5b).

The groove root of GB,3; was observed to be slightly
curved (Fig. 6) in the vicinity of the triple junction, and
accordingly, this caused a change of the dihedral angle.
The curved segments on the 9.4°(100) grain boundary had
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Fig. 5. Top and bottom views of AFM topography measurements in the vicinity of a triple junction. AFM image step size was 0.12 um. (a and b) are top
and bottom views of a (100) tricrystal; (c and d) are top and bottom views of a (110) tricrystal; (e and f) are top and bottom views of a (111) tricrystal.

an average radius of Rjgo = (260 + 97) nm, with a dihedral
angle ¢ = 164.0° 4 1.7°. This corresponds to a grain bound-
ary free surface line tension of (28 & 17) x 1072 Jm™ ..

The other groove roots were smooth so that the grain
boundary free surface line tensions were associated with
the previously determined value (2149)x 1072 Jm™!
[17,20]. The grain boundary triple line energy in the
(100) tricrystal was found as (5.3 +1.9) x 107 Jm™".

The misorientations of the three grain boundaries in the
(110) copper tricrystal were GBjy: 38.8°(110), GBy3:
87.6°(110), GB,3: 47.7°(110). Fig. 5c and d gives the top
and bottom view of the surface in the vicinity of the
(110) triple junction. The grain boundary thermal grooves
had profiles as predicted by the surface diffusion controlled
grooving theory [21]. The measured values are listed in
Table 2.
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Table 1
Data of (100) Tricrystal.

Table 2
Data of (110) Tricrystal.

(100) tricrystal ~ Grain 1 Grain 2 Grain 3 (110) tricrystal ~ Grain 1 Grain 2 Grain 3
Ay=1.1 Ay=09 Ay=-0.1 Ay=-1.5 Ay=15 Ay=04
Az=1.5 z=-0.5 Az=-0.2 Az=-1.7 Az=0.9 Az=-04
Misorientation GBI12: GBI3: GB23: Misorientation GB»: GB;3: GB»;:
21.3°(100) 30.7°(100) 9.4°(100) 38.8°(110) 87.6°(110) 47.7°(110)
o (°) 109.6 111.3 139.1 o (°) 97.5 132.5 130.1
v8lvs 0.39 + 0.03 0.37 +0.03 0.22 +0.07 78l7s 0.37 +0.02 0.24 + 0.01 0.32 +0.01
Depth (nm) 184 178 80 Depth (nm) 313 212 265
{(°) 2.6+0.9 28+12 81+24 ) 4.7+0.8 79+£0.2 35+0.8
s (107°Tm™Y) 2149 21+9 28 +17 s (107°Tm™Y) 2149 24 +15 21+9
yrz (1072 Tm™h 53+1.9 yrz (1072 Tm™ 63423
The misorientation of grain boundary GBy; was near to . .
X =17, and thus had a low grain boundary energy. Similar  pa¢a of (111) Tricrystal.
1 e}
tf) the low angle grain boundary 9.4°(100), smau undula- (111) tricrystal  Grain 1 Grain 2 Grain 3
tions of the groove root were observed near the triple junc- Ay =0.6 Ay=0.6 Ay =02
tion, with an average size of R;j9 = (139 4+ 66) nm and a Az=0.1 Az=-1.0 z=-0.01
dihfadral angle ¢&=160.9°+2.2°. Cc.)rrespondi.ngly, the  Misorientation  GBy»: GB,s: GB.oy:
grain boundary free surface line tension was 41.0°(111) 58.1°(111) 18.8°(111)
(24 £15) x 107 Jm~". Taking the grain boundary free () 115.6 1222 1222
surface line tension of the other two grain boundaries as g/ 7’~:h( ) (3)6399i0.07 2'3313 +0.02 24395 +£0.5
_9 1 . . epth (nm
(2.1 + 9) x 10 . Jm™, the correspondlgg griuln boundary Le) 65425 10.0+ 2.4 8.8 420
triple hne. ten.smn vyas (6.3+2.3) x 10 . Jm™. 1 (107°Tm™y 2149 2149 2149
The misorientations of the (111) tricrystal were GBy»: yrr (107°Tm™") 92427

41.0°(111), GBy3: 58.1°(111), GBy3: 18.8°(111). It com-
prised neither a low angle grain boundary nor a low X~
grain boundary. The measured values are given in Table
3. The groove roots in the (111) tricrystal were all
smoothly curved towards the triple junction (Fig. 5f), and
rendered the angle { to be 6.5-10°. The grain boundary
with the lowest energy had the largest angle {. With the
average grain boundary free surface line tension
(21 £9) x 107 Im™", the grain boundary triple line ten-
sion in the (111) tricrystal is (9.2 42.7) x 1072 Jm™".

4. Discussion
4.1. Force equilibrium at a triple junction

The force equilibrium at a triple junction in the plane
perpendicular to the triple line (horizontal plane) is given by

ZRange: 92 83 nm

0.498

Y Range: 1 um
-000188

-0.502

-0.00451
X Range: 103 pm

X s
> vt + o it 4 7} cos (if; + Oy cost | =0
. Ou/, ! 0o i

1

where all the tangential (unit vector 7;) and normal (unit
vector 7;) forces are taken into account. In the classical
model, the equilibrium at a triple junction is determined
only by the energy of the attached grain boundaries. If tor-
que terms (%)l,ﬁi) are neglected, the relation of the con-
tact angles of thrée grain boundaries at a triple junction

is given by the Young-Dupré equation [22] (Fig. 7a):

’VB}]
sin o

'))323

sin o

’yBlz
sin o3

where only the grain boundary energies are taken into ac-
count. In a real system with thermal grooves on both sur-
faces of the specimen, there is an additional term owing to

X[nm] ¥ [mm]

M1 33.338 -4215
Mz 83.345 -4211
M2-M1 50.007 4.568
dyfdx 0.0914 ~ 5_220°
Mean 1-2: -4212.3 nm
Radius of Curvature:
228 1 nm

1001200 300 400 500 600
(nm]

Fig. 6. Groove root profile of a 9.4°(100) grain boundary.
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Fig. 7. (a) Equilibrium of grain boundary surface tensions in the
horizontal plane. (b) Force component of the groove root with tangential
angle (.

the contribution of the grain boundary free surface line ten-
sion in the horizontal plane (Fig. 7b). When the grain
boundary free surface line tension is taken into account
for the equilibrium at the triple junctions and all torque
terms are neglected, the Young—Dupré equation is modi-
fied to

Is
VBy, * I+ 2y13c08(p,
sin o3

Is

VBl 2y33c08 (53
sin o
Is

VB, - [+ 293 cos {5
sin o

under the assumption that the triple line is straight and per-
pendicular to the horizontal plane; / is the length of the tri-
ple line, and the factor 2 is due to thermal grooves on both
surfaces of the sample (Fig. 7b).

In our case, the specimens had a thickness of 2 mm,
hence the equilibrium of the grain boundaries at the triple
junction was essentially determined by the grain boundary
energies only, and the contribution of the three groove root
line tensions was negligible. For example, the grain bound-
aries in the (111) tricrystal were all random high angle
grain boundaries. Therefore, we can assume the same grain
boundary energy for all three grain boundaries, and torque
terms can be neglected. The sum of forces of the three
groove root line tensions at the triple junction in the hori-
zontal plane was just 1 x 102 J m~" in the direction oppo-
site grain boundary GB,, and the contact angles o; differed
by only 5% from the values predicted by Eq. (6). Hence,
within the range of experimental error the measurements
complied with Egs. (4) and (6), respectively. However, for
a Cu film with a thickness <70 nm, the effect of the grain
boundary free surface line tension becomes comparable
to the grain boundary energy and has to be taken into ac-
count for the force equilibrium at the junction.

4.2. Dependence of triple line tension on crystallography
Due to the different misorientations of the grain

boundaries, the grain boundary energy varies as reflected
by a wide distribution of the groove dihedral angle.

Random high angle grain boundaries have larger energies
(ys/ys =~ 0.35) than low angle grain boundaries, e.g.
9.4°(100), and special grain boundaries, e.g. 87.6°(110)
(near X =17), (ya/ys ~ 0.23).

With a surface energy of 1.75J m™~, the ratio of the
grain boundary energy to the free surface energy is
0.24 +£0.01 for the 87.6°(111) boundary in qualitative
agreement with Ref. [23], where a ratio yp/ys of
0.26 £ 0.01 was reported for a ¥ =11 grain boundary in
copper at 1030 °C.

It was found in our experiments that the specific orien-
tations of the tricrystals engendered a different topography
near the triple junctions. Since a thermal groove forms by
surface diffusion, the low diffusion coefficient on the
(100) surface renders shallow thermal grooves of the
(100) grain boundaries. The small undulations (Fig. 6) of
the groove root of low energy grain boundaries might have
resulted from the interaction of the free surface with the
grain boundary to establish the minimum energy state, sim-
ilar to facets on grain boundaries due to the inclination.
The ratio ",[S of the low energy grain boundaries was
~70 nm and’ comparable to the s1ze of the undulations of
the groove root, whereas the ratio - > of the random high
angle grain boundaries was less than 40 nm. Therefore,
the effect of the grain boundary free surface line tension
was more obvious on the grain boundaries with low energy,
and rendered undulations on the groove root.

At the triple junction, the groove angle ( reflects the
equilibrium of the four competing line tensions. When
the energies of the three grain boundaries are comparable,
like in the (111) tricrystal, the three groove root triple line
tensions are similar. However, when one grain boundary
has a lower energy, e.g. GBpy3: 9.4°(100) in the (100) tri-
crystal or GB3: 87.6°(110) in the (110) tricrystal, the
angle { of the other two grain boundaries becomes appar-
ently small and results in a lower triple line energy. We
attribute this result to the geometry of the triple line struc-
ture, as explained below.

-2

4.3. Interpretation of the orientation dependence of triple line
tension

After the heat treatment, the grain boundaries in the tri-
crystal were in thermodynamic equilibrium, i.e. the atoms
in the grain boundaries would possess the same chemical
potential. Grain boundaries have a finite width, which
can change with temperature [24,25]. The core of intersec-
tion of three grain boundaries constitutes the triple line. If
we assume the grain boundary energy to increase with its
width, i.e. constant grain boundary energy density, the tri-
ple line core of intersection will increase with the energy of
the adjoining grain boundaries (Fig. 8). In the case where
the three grain boundaries have the same energy, the unre-
laxed triple line core is an equilateral triangle (Fig. 8a).
However, when one grain boundary has a lower energy,
the intersection triangle is reduced, and correspondingly
the triple line energy is decreased.
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Fig. 8. Schematic view of the intersection of grain boundaries with a certain width. (a) Three grain boundaries with the same energy. (b) One grain

boundary possesses a lower energy.

The origin of the coordinate system is associated with
the triple junction center. If one grain boundary with the
width 2a is parallel to the y-axis, then the intersection core
can be calculated from the triangle geometry.

The measured ratio of the triple line tension of the (100)
and (110) tricrystals to the triple line tension of the (111)
tricrystal was 0.57 and 0.67, respectively. The measured
grain boundary energies and dihedral angles yielded a tri-
ple junction core ratio of 0.68. Although our simple model
considers only an unrelaxed grain boundary intersection
triangle as a triple line core with constant energy density,
it successfully accounts for the measurements. In essence,
when there is just one grain boundary with low energy,
the triple line energy tends be at least 30% lower than the
energy of a general triple line, i.e. that with random crystal-
lography. Our assumption of a constant grain boundary
and triple line energy density is, of course, a simplification
since a relaxed grain boundary structure may change the
energy density. However, especially at high temperatures
the structure of the grain boundary is bound to lose any
long-range order [26]. From a physical point of view, extre-
mely low triple line energies may be realized for special tri-
crystal configurations, in analogy to the concept of CSL
grain boundaries. This might be one reason why the mea-
sured triple line energy in the (100) tricrystal is smaller
than predicted by the model.

5. Summary

The topography and energy of grain boundary triple
junctions were studied in specific copper tricrystals, which
were fabricated by the Bridgman technique. It was found
that the surface topography strongly depends on the crys-
tallography of the tricrystal, in particular on the common
crystallographic axis of the tricrystal.

The grain boundary free surface line tension, i.e. the line
tension of the groove root, for a 9.4°(100) grain boundary
and 87.6°(110) grain boundary, was derived to be
~25 % 107°Tm~'. The grain boundary triple line energy
was investigated in(100), (110) and (I111) tricrystals,
and rendered a triple line energy of 5.3 x107°

Jm™! <791 <9.2 % 10°Im~". It was found that the
grain boundary triple line energy was lower, if one of the
adjoining grain boundaries had a lower energy than the
other two. A simple geometrical model was introduced to
account for the measured dependency.
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