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Abstract—The change in the grain-boundary (GB) shape with an increase in temperature near the GB face-
ting—roughening phase transition has been studied. The GB facet length decreases with an increase in tem-
perature to complete facet disappearance. The facet orientation is determined by the constrained coincidence
site lattice (CCSL). Facets are located along close-packed CCSL planes. Above the roughening temperature
T, the tangents to the faceted and rough GB portions at the point of emergence of the first-order ridge are
located along the close-packed CCSL planes (as facets below 7R). The faceting—roughening phase transition
is reversible. The presence of temperature hysteresis is indicative of first-order phase transition.
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INTRODUCTION

The nature of the formation of the equilibrium-
faceted free surface of crystals during their growth or
dissolution was analyzed for the first time by Wulff
(Professor at Warsaw University and then Kazan Uni-
versity) at the end of the XIX century [1, 2]. In the
1950s, Landau described the role of step formation on
flat crystal faces for equilibrium faceting [3]. It was
shown by Burton and Cabrera and then by Chernov
that the formation of steps on a flat surface at nonzero
temperature increases the surface configuration
entropy and, therefore, decreases the surface free
energy [4—6]. With an increase in the temperature, the
equilibrium step concentration increases and becomes
infinite at a certain temperature. As a result the flat
face completely loses stability (the so-called face-
ting—roughening phase transition occurs). These
phase transitions were analyzed in detail in a num-
ber of theoretical and experimental studies [7—13].
In addition, it has been known since Wulff’s studies
that the outer crystal surface can be divided into a
system of flat facets if the total energy of the latter is
lower than the energy of the initial surface (despite
the fact that this process increases the total surface
area). This transformation is referred to as the face-
ting phase transition.

In recent years there has been renewed interest in
the faceting phase transitions on the free surface [14—
20]. One reason is that faceted surfaces contain a very
regular equilibrium 1D set of steps or a 2D array of
pyramids. Such faceted surfaces can be used, for
example, as substrates for fabricating quantum wires

or quantum dots; i.e., they are promising for nano-
electronic applications [21].

Grain boundaries (GBs) can also be faceted. Face-
ting of GBs indicates that they are special. The reason
for this is that, if misorientations coincide, the lattices
of two grains form a general superlattice—the so-
called coincidence site lattice (CSL). The most pro-
nounced GB facets lie in close-packed CSL planes
[22, 23]. In this case, the role of close-packed CSL
planes for GBs is similar to that of close-packed lattice
planes for crystal free-surface faceting. The numerous
and interesting phase transitions on free surfaces,
which are related to the occurrence and disappearance
of crystal faceting and to the dependence of the face-
ting phase transition on the outer surface orientation,
should have analogs on GBs [24—28]. In particular, it
was shown by Balluffi [29] that facets on GBs in alu-
minum and gold reversibly disappear with an increase
in temperature and its approach to the melting point.
This fact indicates that faceting—roughening phase
transitions may occur on GBs. The features of the
behavior of tilt boundaries in copper near the coinci-
dence misorientation X5 (X is the ratio of the number
of lattice sites per grain to the number of coincident
sites) were explained in terms of the faceting—rough-
ening phase transition at GBs [30].

With an increase in the parameter X, the CSL
energy relief becomes shallower. As a result, an
increase in X reduces the lower temperature limit at
which thermal disordering leads to the disappearance
of the special structures and properties at boundaries.
In principle, if one considers GBs with different orien-
tations in a CSL with fixed X, the energy relief at the
boundary should also depend on the density of coinci-
dent sites lying in a given CSL plane. In other words,
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Fig. 1. Schematic diagram of a bicrystal sample for study-
ing the migration and faceting of a single GB at a constant
(capillary) driving force.

the smaller the density of coincident sites and the
higher the indices of a given CSL plane, the shallower
the CSL-induced energy relief should be. One might
expect an increase in the number of equilibrium faces
in equilibrium faceting of special GBs at fixed X~ with a
decrease in temperature; this situation was observed
on GBs X3 and X9 in copper [31]. In addition to the
planes with low CSL indices, CSL faces with con-
stantly increasing indices will arise in this case.

In this paper, we review the results obtained by
studying the faceting—roughening transition in zinc—
a material with a hexagonal close-packed (hcp) lattice.

EXPERIMENTAL

Flat zinc single crystals, bicrystals, and tricrystals

with a (1120) (10 10)surface were grown by the mod-
ified Bridgeman method from zinc of 99.999 wt %
purity grade [32—34]. Some elongated twin plates of
very homogeneous width over the entire length were
obtained by the weak deformation of these (1120) sin-
gle crystals. The twin plates obtained are oriented per-
pendicularly to the surface and have the same width
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over the entire length. The axes [1120] in both grains
are also perpendicular to the sample surface. Such
twin-boundary geometry is characteristic of most met-
als with a hep lattice [35]. The parallel elongated sides
of a twin plate are formed by coherent symmetric twin

GBs (STGBs) (1102),/(1102),. In addition, we grew
bicrystals with tilt boundaries [1010] having misorien-

tation angles 6 = 30° and 84° and a tricrystal [1010]

with three tilt boundaries having misorientation angles
of 43°, 37°, and 6°.

Since zinc is optically anisotropic, the GB shape in
it can be studied in polarized light. The steady-state
shape of a slowly migrating asymmetric twin GB
located at the end of a twin plate and the shapes of the
migrating part of a GB half-loop or triple junction
(Fig. 1) were studied directly in a hot stage for a light
microscope in the range of 590—692 K. The samples
were placed in pure nitrogen to avoid oxidation. The
GB shape was fixed in the experiment by a video cam-
era connected to a microscope and video recorder.
This method was initially developed for studying the
GB migration [32—34, 36, 37]. The driving force for
changing the GB shape, which is related to GB phase
transitions, is generally insufficient for changing the
GB shape over any reasonable time. Therefore, a con-
stant capillary driving force was used to cause GB
migration. In other words, a GB migrates with a
simultaneous reduction of its length and, therefore, a
decrease in the free energy of the system. Thus, the GB
migration was caused by a constant capillary driving
force in our experiments. During slow displacement
induced by a capillary driving force, a GB can acquire
an equilibrium shape which corresponds to the tem-
perature of the experiment. This method was used, for
example, in our experimental studies of the special
GB—general GB phase transitions [38—47].

Fig. 2. Shape of twin plates in a flat zinc [1 150] single crystal at temperatures of (a) 632, (b) 652, (c) 682, and (d) 692 K. The scale

ruler length is 100 pm.
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Fig. 3. Angle between the STGB and facets formed at the

end of twin plates in flat zinc [1120] single crystals at dif-
ferent temperatures. Circles and squares denote the
(110)¢gy and (010) gy facets on twin plates.

RESULTS AND DISCUSSION

We chose zinc to study because it has a noncubic
lattice and is, therefore, optically anisotropic. As a
result, the GB shape in zinc can be studied directly in
the hot stage of a light microscope in polarized light.
One drawback of the zinc noncubic lattice is that the
ratio of the periods a and c¢ of the hexagonal lattice is
irrational; therefore, simple CSLs cannot be con-
structed for GBs in zinc. Hence, it is necessary to use
the method of constrained coincidence site lattices
(CCSLs) [48, 49].

Twin Boundaries: Replacing One
Facet with Another

We began our analysis of GB faceting in zinc with
the simplest case of twin boundaries. It was shown in
studies on copper that twin boundaries 23 in cubic
metals are very good objects for studying faceting [31,
50]. For example, the ends of twin plates in copper
exhibited various X3 CSL facets, such as (010)s3cq1
and (110)s;c5;, as well as the 82°9R facet, which does
not belong to the CSL [31, 50].

The micrographs in Fig. 2 show the change in the
GB shape at the twin plate vertex in zinc upon heating.
The GB shape at the twin plate vertex significantly dif-
fers from the curved shape of the GB half-loop in zinc
bicrystals containing general GBs [32, 34, 37]. At low
temperatures the twin vertex consists of one flat facet /
oriented almost perpendicularly to the STGB
(Fig. 2a). An increase in temperature leads to the for-
mation of the second facet 2 (Fig. 2b). Facet 2 has an
angle of about 45° with both STGB and facet /. Upon
further heating, facet 2 is elongated and facet 7 is
shortened. Above some temperature, only facet 2
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Fig. 4. Crystallographic features of the facets observed:
(a) (1102);/(1102), STGB, (b) facet I is almost parallel
to the (1102), plane and makes an angle of 84° with the

STGB, and (c) facet 2 is almost parallel to the (1100);
plane and makes an angle of 46° with the STGB.

remains at the twin vertex, which is an acute angle with
the STGB (Fig. 2c). At temperatures close to the zinc
melting point, the ridges (facet intersection lines)
become curved; however, the flat portion of facet 2 is
still observed (Fig. 2d). Figure 3 shows the tempera-
ture dependences of the angles between STGB and
facets 1 and 2. The average values of the angles for
facet / and 2 are 84° and 46°, respectively. Below
622 K the twin plate vertex contains only facet 1.
Vol. 54

No. 6 2009



GRAIN BOUNDARY FACETING—ROUGHENING IN Zn

Between 622 and 677 K, facets / and 2 coexist. Above
677 K, there is only facet 2. The schematic diagrams in
Fig. 4 show the CCSL and crystallography of the facets
observed. The symmetric twin GB is coherent and

coincides with (1 102) planes in both lattices (Fig. 4a).

Facet 1 is almost parallel to the (1102), plane, while
the coincidence in this case is much worse than for the
coherent STGB (Fig. 4b). Facet 2 is almost parallel to

the (1100), plane (Fig. 4c). Figure 5 shows the tem-
perature dependence of the normalized lengths 4, and
A, of the facets. 4, monotonically decreases from 1 at
607 K to 0 at 682 K, whereas A4, increases from 0 at
607 K, reaches a maximum (0.95) at 682 K, and then
decreases to 0.58 at 692 K. The length A4, decreases in
the absence of other facets. Above 692 K the twin plate
end becomes curved. The disappearance of sharp
ridges at the intersection of GB facets can be explained
by the roughening of GB facets when they approach
the melting point. Figure 6 shows the phase diagram
for faceting twin boundaries in zinc. One can distin-
guish three GB phase transitions:

(i) facet 1 disappears between 677 and 682 K;

(ii) facet 2 arises between 607 and 677 K;

(iii) roughening begins and an unfaceted GB phase
arises between 682 and 692 K.

STGRB is stable at all temperatures. Figure 7 shows
schematic Wulff diagrams, which illustrate the possi-
ble energy factors responsible for the GB faceting and
roughening of facet 2. The energy minimum for STGB
occurs at all temperatures. At 593 K there are minima
for both facets, / and 2; however, facet 2 is metastable.
At 653 K both facets are stable and present in the equi-
librium GB shape. At 683 K the roughening phase
transition begins, the energy minimum for facet 7 dis-
appears, and only facet 2 remains stable, manifesting
itself in the equilibrium GB shape. At 688 K the
roughening continues, the energy minima of both
remaining facets become shallower, and the curved
part of the GB loop successively absorbs flat portions
of facets.

Our study of the twin GB shape allowed us to
observe for the first time the GB faceting phase transi-
tion, when one smooth facet is replaced with another
[51]. Previously only two types of GB faceting phase
transitions were observed:

(i) Reversible GB faceting—roughening phase tran-
sition with an increase in temperature and dissociation
of smooth unfaceted GB into facets alongside a
decrease in temperature in aluminum and gold
[29, 52].

(ii) Dissociation of the initial flat GB into flat facets
with energies lower than that of the initial boundary
[24—28, 53].

Facets on GBs can be observed only near coinci-
dence misorientations. It was shown in [38—47] that
GBs have a special structure and properties in a lim-
ited range of temperatures and misorientations 6 near
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Fig. 5. Temperature dependence of the normalized length
of facet 7 (84°, a;/a, squares) and facet 2 (46°, a,/a, cir-
cles) of twin plates in flat zinc single crystals [l 1 201.
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Fig. 6. Phase diagram of different facets on twins in zinc
(T}, is the melting temperature). The facet orientation is
shown in the top part of the diagram. Squares denote the
experimentally observed facets. The vertical lines indicate
the temperature range of stability of the corresponding GB
facets. The horizontal lines indicate the upper and lower
stability limits of facets 7 (84°) and 2 (46°).

the coincidence misorientation Os. In other words, an

increase in either AB = | — 0| or/and temperature
leads to the special GB—general GB phase transition
and the GB loses its special structure and properties.
In particular, this phase transition leads to the disap-
pearance of GB facets. The ratio of the lattice periods
a and cin zinc isirrational and depends on the temper-
ature. In this context, direct special GB 1—special GB 2
transitions may occur in zinc with a change in temper-
ature and misorientation angle [48, 49]. Therefore, the
unusual 84°—46° faceting transition on twin GBs in
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Facet 2

Facet /

Facet /

Fig. 7. Schematic Wulff diagrams for twin plates in flat zinc

[1120] single crystals at different temperatures (593, 653,
683, and 688 K).

zinc can be caused by the transformation from a spe-
cial Z15a GB into the other special X28a GB or from
228a into X13a with an increase in temperature [48,
49]. A similar transformation could cause the kinks in
the Arrhenius temperature dependences of GB sliding
at tilt boundaries <10T0> in zinc near the coincidence

misorientation 29 observed in [54].
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Fig. 8. Temperature dependences of the facet length for a

triple junction with [1010] tilt boundaries having misori-
entation angles 6 = 43°, 37°, and 6°.
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Fig. 9. Temperature dependence of the facet length for a

[1010] tilt boundary with the misorientation angle 6 = 30°
upon (squares) heating and (circles) cooling.

Reversible Roughening upon Heating

The faceting—roughening transition at a migrating
GB was experimentally observed for the first time for a
triple junction [55]. This junction was formed by three

tilt boundaries [ 10 10] with misorientation angles 6 of
43°,37°, and 6°. The investigations were performed in
the temperature range 670—688 K. The facet length
was found to decrease upon heating, and a roughening
transition was observed near the zinc melting temper-
ature 7,,=692.6 K; i.e., the facet disappeared (Fig. 8).
Subsequent studies were carried out on bicrystals to
Vol. 54

No. 6 2009
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Fig. 10. Time dependences of the facet (a) displacement and (b) length, corresponding to a roughening temperature of 673 K, the
optical micrographs of a migrating GB (c) with and (d) without a facet, and (e) the CCSL for this boundary.

exclude the effect of the third GB [56]. Figure 9 shows Below and above T = 673 K, the migrating GB con-
the temperature dependence of the facet length forthe  tained and lacked a facet, respectively. When the sam-
tilt boundary [1010] with the misorientation angle ple heated to 683 K began to cool, a reverse faceting
0 = 30°. The bicrystal was heated from 630 to 683 K, transition occurred at 7, = 667 K. Above 7, = 667 K
and a roughening transition was observed at 673 K. the migrating GB has no facet and below this temper-
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Fig. 11. Time dependences of the facet (a) displacement and (b) length, corresponding to a faceting temperature of 668 K and the
optical micrographs of a migrating GB (d) with and (c) without a facet.

ature it has. In other words, the reversible faceting—
roughening transition at a migrating GB was experi-
mentally found for the first time in zinc.

Figure 10a shows the time dependence of GB dis-
placement. This dependence contains two linear por-
tions with different migration rates. When comparing
the time dependences of the GB displacement and
facet length (Fig. 10b), one can easily see a correlation
between these parameters. The first portion (from 0 to
40 s) in the time dependence of displacement corre-
sponds to the migration of a GB with a facet.
Figure 10c shows an optical micrograph for this time
interval. The second linear portion (from 40 to 120 s)
in the time dependence of the displacement corre-
sponds to the migration of a GB without a facet. The
optical micrograph for this time interval is shown in
Fig. 10d. It should be emphasized that the facet does
not disappear immediately. Below the roughening
temperature, there are two phases in the GB: faceted
(with a facet) and unfaceted (with curved portions).
Above the roughening temperature, there is only one
phase in the GB in equilibrium—an unfaceted one.
An interesting analogy arises: as in the case of bulk
phases, at the transition from the two-phase region of

CRYSTALLOGRAPHY REPORTS

the phase diagram into the single-phase region (with
an increase in temperature), the second-phase parti-
cles are dissolved in the matrix not instantaneously but
with at a finite rate.

Let us now consider a faceting temperature of
668 K. In this case, the situation is opposite of that
observed for roughening. The time dependence of the
GB displacement (Fig. 11a) contains two linear por-
tions. The first portion (from 0 to 10 s) corresponds to
the migration of a GB without a facet, whereas in the
time dependence of the facet length (Fig. 11b) the
facet arises only 20 s after. This time interval corre-
sponds to the optical micrograph in Fig. 11c. The sec-
ond linear portion (from 10 to 60 s) in the time depen-
dence of the GB displacement is related to the migra-
tion of a GB with a facet. This time interval
corresponds to the optical micrograph in Fig. 11d. In
other words, the facet reaches a steady-state length not
immediately after a change in the sample temperature
but with some delay.

Here, the analogy with the bulk phases can be
extended. Upon a transition from the single-phase
region of the phase diagram to the two-phase region
No. 6
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(upon cooling), the second-phase particles are formed
in the matrix not instantaneously but at finite rate.
They require some time to be formed and grow (to
reach the volume fraction of the second phase, whose
value is determined by the lever rule for bulk phase dia-
grams). The situation on GBs is the same: with an
increase in temperature above T%, a facet is dissolved
in the unfaceted phase not immediately but after some
delay.

CONCLUSIONS

A systematic in situ study of GB faceting and
roughening features was performed for the first time.

The change in the GB shape with an increase in
temperature near the GB faceting—roughening phase
transition was studied. It was found that one facet is
replaced with another at twin boundaries upon heat-
ing, which was not observed in materials with a cubic
lattice.

The GB facet length decreases with an increase in
temperature, and the facet finally disappears.

The kinetics of facet disappearance above the
roughening temperature 7x and the kinetics of the
facet formation and growth below the faceting tem-
perature 7, were investigated.

The facet orientation is determined by the CCSL.
Facets are arranged along close-packed CCSL planes.
Above Ty the tangent to the faceted and rough GB
portions at the point of first-order ridge emergence are
arranged along close-packed CCSL planes (as facets
below Tp).

A reversible faceting—roughening transition was
observed on a migrating GB. The presence of temper-
ature hysteresis is indicative of the first-order phase
transition.
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