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Effect of a first-order ridge on grain boundary motion in Zn
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Abstract

The migration of a grain boundary system with ridges of the first order is studied. A theory of steady-state motion of a grain boundary
half-loop with facets and ridges is elaborated. The shape and properties of a moving grain boundary which contains additional structural
elements (curved segments, facets and ridges of the first order) are addressed. The major kinetic parameters (mobility and its activation
enthalpy) of a “rough-to-rough” grain boundary ridge of the first order were measured. It is shown that the steady-state motion of a
boundary half-loop with facets and ridges complies with the principle of maximum rate of free energy dissipation.
� 2010 Acta Materialia Inc. Published by Elsevier Ltd. All rights reserved.
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1. Introduction

Traditionally, grain growth in polycrystals is attributed
solely to the motion of grain boundaries. With growing
interest in fine-grained and even nanocrystalline materials,
the need has arisen to consider the role of other structural
grain boundary elements: facets, triple and quadruple junc-
tions [1–15].

In particular, it has been shown that the kinetics of grain
boundary triple and quadruple junctions may be different
from the kinetics of the adjoining grain boundaries. This
affects the kinetics of microstructure evolution during grain
growth, especially in fine-grained materials [1–6,13–15].

It has long been known that the surface of minerals is
often composed of planar faces, which are referred to as fac-
ets. They are due to the crystalline nature of the materials
and reflect the anisotropy of the surface energy. However,
facets are not only observed on external crystal surfaces,
but can also occur on internal interfaces, like grain bound-
aries, and appear as straight grain boundary segments in
an optical micrograph. Prominent examples are coherent
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twin boundaries in low stacking fault energy materials [16].
Facets on grain boundaries are a manifestation of the anisot-
ropy of the grain boundary surface energy; in particular,
grain boundary faceting appears at grain boundaries with
special misorientation, so-called low R coincidence bound-
aries. In spite of numerous studies dedicated to grain bound-
ary faceting (see e.g. [7–9,17–19]), their behavior is still very
poorly understood, especially how they affect grain growth.
This is because the influence of a facet on grain boundary
migration depends on both the thermodynamic and kinetic
characteristics of the facets [1]. Only recently quantitative
methods were put forward to tackle this problem [10–12].
The migration of incoherent twin grain boundaries with fac-
ets was studied by Straumal et al. [20]. It was demonstrated
that the rather complicated kinetics of grain boundary
motion, in particular the strong non-Arrhenius temperature
dependence, could be explained by considering the motion
of two competitive facets. Rabkin considered the influence
of grain boundary faceting on grain growth and the motion
of a two-dimensional grain boundary half-loop [10].

Studies of the influence of facets on the migration of a
high angle grain boundary during steady-state motion were
recently reported [11,12]. For the first time the mobility of
the facets of a high angle boundary was measured in a
reproducible physical experiment. A surprising result from
rights reserved.

http://dx.doi.org/10.1016/j.actamat.2010.09.067
mailto:Gottstein@imm.rwth-aachen.de
http://dx.doi.org/10.1016/j.actamat.2010.09.067


624 V.G. Sursaeva et al. / Acta Materialia 59 (2011) 623–629
Refs. [11,12] was the high facet mobility with very low acti-
vation enthalpy.

Moreover, the observed increase in the facet length with
increasing facet mobility (respectively decrease in the
mobility of an attached curved boundary) seems counterin-
tuitive, since it is a frequent observation that faceted
boundaries move with low mobility.

It was shown [12] that the observed behavior of steady-
state motion of a faceted boundary half-loop can be
explained on the basis of the Onsager principle of irrevers-
ible thermodynamics, i.e. the observed dynamic facet length
corresponds to a maximum dissipation rate of free energy.

However, besides the grain boundary itself, and bound-
ary triple and quadruple junctions and facets, there is
another kind of grain boundary structure element: the
grain boundary ridge. As early as 1951, Herring pointed
out that an equilibrium shape of a crystal can contain edges
and corners even though there are no flat facets [21]. The
concept of grain boundary ridges was developed by Cahn
and Hoffmann in 1974 [22]. They proved that two curved
(rough) surfaces may intersect along a line where the
boundary plane changes discontinuously. This line is called
a first-order “rough-to-rough” ridge. Besides the first-order
ridge, there also exists a ridge of the second order (without
discontinuity), which has also been analyzed, mainly on the
free surfaces of crystals [23–25]. A classification of various
grain boundary ridges is given in Ref. [26].

As much as grain boundary motion can be affected by
triple junctions, a first-order ridge may also tangibly
impact the kinetics of grain boundary motion and grain
growth. The major goal of the current study was to explore
the steady-state motion of high angle grain boundaries with
the facets, the formation of the first-order ridge and the
quantitative determination of both the kinetic properties
of the grain boundary system with the ridge and of the
ridge itself.

2. Experimental

The experimental technique of the crystal manufacture
was described comprehensively in Refs. [1,21]. Flat bicrys-
tals from 99.999 wt.% Zn with a grain boundary half-loop
(Fig. 1) were grown. The misorientation angle of a ½10�10� tilt
grain boundary half-loop is 30�. The reciprocal density of
Fig. 1. Scheme of the Zn bicrystal containing the ½10�10� tilt grain
boundaries with misorientation angles of 30�. The lines denote the
orientation of basal plane (0 0 0 1) in both grains [11].
coincidence sites for the studied 30� ½10�1 0� tilt grain bound-
ary is R = 17. Both the flat and curved grain boundary seg-
ments were oriented perpendicular to the surface of the
sample. The motion of the boundary and its shape were
observed and recorded in situ on the hot stage of an optical
microscope in the temperature range 553–683 K using polar-
ized light. The temperature was stable within ±0.5 K during
the measurement, and the temperature was increased for
consecutive isothermal anneals by 5 or 10 K. Each isother-
mal anneal took 120 or 180 s; the temperature of the hot
stage and the sample stabilized in a few seconds. The anneal-
ing was carried out in a protective atmosphere (pure nitro-
gen); samples were also protected from oxidation by a pure
nitrogen atmosphere. The grain boundary shape was imaged
in the course of the experiment by a video camera connected
to the microscope and recorded on a VCR.

3. Results

The behavior of the grain boundary system in the tem-
perature range 553–683 K was studied. At temperatures
higher than 673 K the moving grain boundary half-loop
comprised only continuously curved segments (Fig. 2).

Facet formation on a moving half-loop was observed
during cooling (Fig. 3) [11].

The peculiarities of grain boundary half-loop motion
were reported in Ref. [11]. In particular, the steady-state
character of the half-loop motion was confirmed: the rate
of the half-loop migration, after a short time, when the
temperature of the sample was established, was found to
remain constant for both faceted and non-faceted grain
boundaries. The length of the facet was controlled by the
temperature of the experiment [11]. The lowest temperature
of grain boundary half-loop migration studied in Ref. [11]
was 633 K. In accordance with the concepts which were
outlined in Ref. [11], the length of the facet increased with
decreasing temperature. However, as observed in the cur-
rent study, a further decrease in the temperature led to a
disappearance of the facet and, surprisingly, to the forma-
Fig. 2. Smooth curved grain boundary half-loop [11].



T = 673 K

Fig. 3. Video frame of a moving grain boundary half-loop with facets. Fig. 5. Mobility A of the grain boundary half-loop (A = v�a(m2/s)) with a
facet (solid squares) and with a ridge (solid circles and triangles).
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tion of a new structural element – a grain boundary
“rough-to-rough” ridge of the first order (Figs. 4 and 5).

To prove the formation of a true ridge, we used the fol-
lowing line of arguments.

(a) At a high temperature the moving grain boundary
half-loop was composed of smoothly curved seg-
ments only. A reduction in the temperature caused
grain boundary faceting. A further fall n the temper-
ature led to the disappearance of the facets and the
formation of a “rough-to-rough” ridge. It is stressed
that all discussed boundary transitions between the
observed configurations were reversible.

(b) The motion of the first-order ridge was observed in a
temperature range where the triple junction motion in
Zn was never found.

(c) The ridge formation essentially changed the character
of motion of the grain boundary system: instead of
nearly athermal motion, which was observed for the
moving faceted half-loop, the half-loop with ridge
demonstrated thermally activated motion with a
rather large activation enthalpy (�2.4 eV).

(d) Orientation measurements by electron backscatter
diffraction and metallographic observations did not
reveal any low angle grain boundary at the ridge.
Fig. 4. Grain boundary with the “rough-to-rough” ridge of first-order at
the half-loop (T = 345 �C).
(e) Finally, the microstructure of studied bicrystals in the
region of the ridge was analyzed by X-ray topogra-
phy (using the Schultz technique [27,28]; the smallest
misorientation between next neighbor grains that can
be detected by this technique is 1–30). The missing evi-
dence of a misorientation at the ridge proved that the
observed boundary configuration was not the conse-
quence of a low angle boundary (at least with the mis-
orientation larger than �30) attached to the tip of the
ridge.
4. Discussion

4.1. Theory of motion of a faceted grain boundary with a
ridge of the first order

Let us consider the steady-state motion of a grain
boundary half-loop with a facet and a ridge of the first
order (Fig. 6). The geometry resembles a faceted boundary
as considered in Ref. [11] for the steady-state motion of a
grain boundary half-loop with a facet.

However, as will be shown below, the existence of a
ridge changes the situation substantially.

The equation of motion and the boundary conditions
which define the steady-state shape and the velocity V of
a partially faceted boundary read (Fig. 6)

y00 ¼ � V
cbmb

y0ð1þ y0
2Þ

ðaÞ y 0ðl cos hÞ ¼ tanðh� uÞ
ðbÞ yð1Þ ¼ a=2

ðcÞ yðl cos hÞ ¼ l sin h;

ð1Þ

The shape of the moving curved segment of the half-loop
without facet is described by a solution of Eq. (1) [11]: with
the boundary conditions

ðaÞ yð0Þ ¼ 0

ðbÞ yð1Þ ¼ a
2

ðcÞ y0ð0Þ ¼ 1



Fig. 6. Geometry of a grain boundary half-loop with a facet.
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yðxÞ ¼ a
2

arccos exp � 2h
a

xþ ln sin hð Þ
� �� �

� a
2h

p
2
� h

� �
;

V ¼ 2
hmbcb

a
ð2Þ

Here, mb, cb are grain boundary mobility and surface ten-
sion, respectively.

Since the facet is flat with inclination h (Fig. 6), the
shape of the curved part of the moving half-loop with a
facet is given by the equation

y ¼ a
2
� mbcb

V
p
2
þ mbcb

V

� arccos sinðh� uÞ exp
V

mbcb
ðl cos h� xÞ

� �� �
ð3Þ

To determine the velocity of the moving half-loop, we draw
on boundary condition 1(c) y(l cos h) = l sin h, which
renders

V ¼ mbcbðh� uÞ
a
2
� l sin h

ð4Þ

Since, for a steady-state motion, the faceted and curved
segments of the half-loop and the ridge have to move with
the same velocity:

ð1Þ V b ¼ V f

ð2Þ V b ¼ V r

ð3Þ V f ¼ V r

ð5Þ

where Vb, Vf, Vr are the velocities of the curved grain
boundary, of the facet and the ridge, respectively.

As shown in Ref. [11], the facet velocity can be expressed
as (Fig. 6)

V f ¼
mf cb sin u sin h

l
ð6Þ

where mf is the mobility of the facet.
On the other hand,

V r ¼ 2mrcb cos h cos u ð7Þ
where mr is the mobility of the ridge.
Then from Eqs. (1) and (5) we arrive at

l ¼
a
2

sin hþ mbðh�uÞ
mf sin u sin h

ð8Þ

while from Eqs. (2) and (5) we obtain

l ¼ a
2 sin h

� mbðh� uÞ
2mr cos h sin h cos u

ð9Þ

It can be seen that Eqs. (8) and (9) comply with expecta-
tions for the limiting cases. If the mobility of the grain
boundary mb is large or the mobility of the facet mf or
the ridge mr is small, the length of the facet tends to zero.
For a facet with large mobility or for the ridge with large
mobility the length approaches the maximal value l ¼ a

2 sin h.
Eqs. (8) and (9) allow us to derive the mobility of the facet

and of the ridge and their temperature dependence from the
experimentally measured values of the facet length.

The temperature dependence of the measured facet length
gives the possibility of extracting the normalized facet mobil-
ity (mf/mb) [11]. A reduction in the facet length with rising
temperature is mainly caused by a decrease in the ratio mf/
mb. Eqs. (8) and (9) also yield the value of the facet or ridge
mobility if the grain boundary mobility is known from an
independent experiment. Such a dependency for the reduced
facet mobility was derived in Ref. [11] using the data of grain
boundary mobility measured in Refs. [29,30].

It should be stressed that the transition “faceted grain
boundary–smoothly curved (rough) boundary” proceeds
through the formation of the new ridge of first-order.
Instead of the “facet-to-facet” or “facet-to-rough” ridge,
the system forms a “rough-to-rough” ridge.

Unfortunately, it was not possible to fix the change of
the facet length during such a transition at low tempera-
tures. That is why we attempt to estimate the mobility of
the “facet-to-facet” ridge at the point where the length of
the facet is equal to zero (Fig. 5, T = 345 �C). From Eq.
(9) we arrive at:

mra
mb
¼ h� u

cos h � cos u
ð10Þ

Expression (10) represents the dimensionless criterion Kr,
which defines the drag effect of a ridge on the motion of
the grain boundary system [1]; Kr � 0.4 under the condi-
tions of our experiment. It indicates that the motion of
the grain boundary system at this temperature was con-
trolled by ridge kinetics. Eq. (10) makes it possible to esti-
mate the value of the ridge mobility mr, since the grain
boundary mobility mb is known from the independent
experiment [1,29,30]: mr = 5 � 10�4 m3 J�1 s�1.

At a temperature lower than 345 �C the grain boundary
half-loop comprises two curved boundary segments with a
“rough-to-rough” ridge of the first order (Fig. 7).

Let us consider the steady-state motion of a moving
half-loop with a ridge of the first order. The shape and
velocity of the curved boundary are given in Eqs. (1) and



Fig. 7. Geometry of a grain boundary half-loop with a “rough-to-rough”

ridge of the first order.

Fig. 8. Temperature dependence of the angle 2h at the tip of the “rough-
to-rough” ridge of the first order.
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(2). On the other hand, the velocity of the ridge migration
can be described as:

V r ¼ mrP r ð11Þ
where mr is the mobility of the ridge and Pr is the driving
force for ridge motion.

From Fig. 7 it can be seen that

P r ¼ 2cb cos h ð12Þ
Since, for a steady-state motion, the ridge and curved

segments of the half-loop have to move with the same
velocity, the migration rate of the grain boundary half-loop
with a ridge is also controlled by the ridge motion:

V ¼ V r ð13Þ
From Eqs. (2), (11), and (12) we arrive at:

mr ¼
mbh

a cos h
ð14Þ

Apparently, relation (14) associates the angle h with the
value of the dimensionless parameter Kr

Kr ¼
mra
mb
¼ h

cos h
ð15Þ

which characterizes the inhibiting influence of the ridge on
grain boundary motion. (Compare with the parameter K
for the grain boundary system with a triple junction [1].)

It can be seen that Eq. (15) matches the expectations for
the limiting cases. A grain boundary ridge with large mobil-
ity mr does not drag the motion of the grain boundary sys-
tem, the angle h tends to p/2 and the configuration
transforms to the well-known grain boundary half-loop,
where the velocity of the half-loop is determined by the grain
boundary mobility. For a low-mobility ridge the angle h
tends to zero.

4.2. Determination of ridge mobility

Relation (15) makes it possible to determine the mobility
of a grain boundary ridge if the grain boundary mobility
mb is measured in an independent experiment. Fig. 8 dem-
onstrates the experimentally measured temperature depen-
dence of the angle between the tangents to curved
boundaries at the tip of the first-order ridge. On the basis
of independently measured values of grain boundary
mobility mb and data from Fig. 8, the mobility of the ridge
can be defined. In the case when the migration of the half-
loop is controlled by the motion of the ridge, the kinetic
parameters of the migration should be determined by the
parameters of the ridge. The principal argument in favour
of such a behavior is the parameter Kr. As was shown in
Ref. [1], the rather small value of the parameter K indicates
that the ridge drags and at the same time controls the
migration of the half-loop. In our case, the parameter
Kr � 1.5 � 1.8 in the measured temperature range (280–
350 �C). According to Fig. 9 (see below), where Kr(h) is pre-
sented it follows immediately that the migration of our
boundary system is determined by ridge motion since
Kr = 1.5 � 1.8 indicates ridge-controlled kinetics.

In Fig. 5 the mobility of the half-loop, which is defined
as the velocity of the half-loop divided on the driving force
(essentially the half-loop width), is marked by solid circles
while the mobility of the ridge, defined as described above,
is marked by solid triangles. The activation enthalpy of
migration, which is determined from the half-loop motion
as a whole and the ridge migration, is equal to 2.4 and
1.1 eV, respectively. The angle h is relatively small for
low temperatures (285–290 �C) and for the highest temper-
ature (315 �C) studied (Fig. 8). This is why the ridge mobil-
ity, as compared to the motion of the half-loop as a whole,
should increase at high temperatures and decrease at low
temperatures, in accordance with Eq. (14). The strong
reduction in the major kinetic parameter, the enthalpy of
activation, which derives from both the change of the angle
h with temperature and the dependency mr(h), points to the
fact that the migration of our grain boundary system is
governed by the “rough-to-rough” ridge of first-order.

4.3. Ridge motion and irreversible thermodynamics

As shown in Ref. [1], the velocity of the grain boundary
half-loop can be represented as:
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628 V.G. Sursaeva et al. / Acta Materialia 59 (2011) 623–629
V ¼ 2cb

a

Z 1

0

mbð1V Þd1ffiffiffiffiffiffiffiffiffiffiffiffiffi
1� 12

p � 2cb

a
MðV Þ ð16Þ

where 2cb
a is the average driving force acting on the half-

loop, V is the velocity of the half-loop as a whole and
M(V) is the average mobility of the half-loop. The values
of V which represent the solutions of Eq. (10) comply with
the extremum of the function

WðV Þ ¼ 2cbV � a
Z V

0

VdV
MðV Þ

� �
ð17Þ

Only maxima of this function correspond to stable steady-
state motion [1]. For a linear dependence of the velocity on
the driving force (M(V) = const.) the extremum of the
function W(V) is equivalent to the maximum rate of reduc-
tion in free energy of the system (dissipation rate), which in
turn is related to the Onsager principle of irreversible ther-
modynamics. In other words, the system tries to reduce the
free energy as quickly as possible, i.e. with the maximum
possible rate. For the steady-state motion of a grain
boundary half-loop with a first-order “rough-to-rough”

ridge, the average mobility of M(V) can be defined in two
ways: either by the ridge motion or by the motion of the
curved boundary. In the first case – where the half-loop
motion is controlled by the ridge motion – the average
mobility can be expressed as:

Mf ðV Þ ¼
V

2cb=a
¼ mra cos h cos u ð18Þ

When the half-loop migration rate is determined by the
motion of the curved grain boundary, the average mobility
is:

MbðV Þ ¼
mb h� uð Þa
2ða

2
� l sin hÞ ð19Þ

A maximum rate of free energy reduction in the system
is obtained for a constant average mobility:

Mf ðV Þ ¼ MbðV Þ ð20Þ
Obviously condition (20) is satisfied by relation (9). In es-
sence, the facet changes its length in the course of motion
in order to permit the system to reduce its free energy at
the highest rate. It is evident that, for the half-loop config-
urations presented in Fig. 7, condition (20) is satisfied by
relation (9).

In other words, the observed dynamic facet length in the
system with the ridge complies with the maximum dissipa-
tion rate of free energy of the system.

5. Conclusions

1. The steady-state migration of a special 30� ½10�10� tilt
grain boundary half-loop with facets and with ridges
of the first order was studied.

2. A theory of steady-state motion of a grain boundary
half-loop with facets and ridges is presented.

3. For the first time, the mobility and the activation
enthalpy of migration of a “rough-to-rough” grain
boundary ridge of the first order have been measured.

4. It was shown that the peculiarities of the steady-state
motion of the half-loop studies can be considered in
the framework of the principle of a maximum rate of
free energy dissipation.
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