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Abstract Similar to free surfaces, the grain boundaries

(GBs) in metals, semiconductors and insulators can contain

flat (faceted) and curved (rough) portions. In the majority

of cases, facets are parallel to the most densely packed

planes of coincidence sites lattice formed by two lattices of

abutting grains. Facets disappear with the increasing tem-

perature (faceting–roughening transition) and the increas-

ing angular distance from coincidence misorientation. The

temperature of GB faceting–roughening transition TR
decreases with the increasing inverse density of coinci-

dence sites R. In case of fixed R, TR decreases with the

decreasing density of coincidence sites in the GB plane.

The intersection line (ridge) between facets or between

facets and curved (rough) portions of surfaces can be of

first order (two different tangents in the contact point) or of

second order (common tangent, continuous transitions).

The rough (curved) portions of GB can also form the first-

order rough-to-rough ridges (with two tangents). GB facets

control the transition from normal to abnormal grain

growth and strongly influence the GB migration, diffusion,

wetting, fracture and electrical conductivity.

Introduction

The thermodynamics of surfaces and interfaces and in

particular the concept of the surface free energy was

introduced by Gibbs [1, 2]. He defined the surface free

energy, r, for a one-component material as the work

dW required to create new surface area dA at a constant

temperature and chemical potential, r = dW/dA. For

crystalline materials, this work depends on the atomistic

structure of the surface. Therefore, in case of crystalline

solids, r is also orientation dependent. For multicomponent

crystals, the surface free energy may also be a complex

function of composition. The surface free energy also

determines the conditions for existence of 2D-phases on

free surfaces and interfaces as well as respective phase

transformations between 2D-phases. Faceting–roughening

phase transformations are of the most intriguing and fun-

damental in the areas of surface physics and chemistry.

Historically, they were also the oldest phenomena for the

surface thermodynamics. One of the first fundamental

problems of surface free energy was to find the shape of a

crystal, where the total free energy would be minimal for

the condition that the amount of solid matter is constant.

The problem was mathematically formulated independently
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by Gibbs [1, 2] and Curie [3] as a surface area integral over

the orientation-dependent surface free energy. The solution

was found by Wulff [4, 5] and generalized by Herring [6]

and Landau and Lifshitz [7].

Wulff considered the case of slowly growing or slowly

dissolving crystal [4, 5]. He considered the 2D sectional

cuts through the crystal centre W in polar coordinates

(Fig. 1) and supposed that the anisotropic function r(h) is
known. r(h) is shown as the outer curve in Fig. 1. If r(h) is
known, it is possible to determine the equilibrium crystal

shape (ECS) z(x) corresponding to the minimum of total

free energy. The Wulff construction requires that a line is

drawn from the origin W (Wulff point) to any point Q on

r(h). One constructs the normal to the line WQ in the point

Q. The inner envelope of all such normals (or planes for 3D

case) gives the ECS z(x). The anisotropic function r(h) is
shown as the outer curve in Fig. 1 while the shape function

z(x) for ECS is plotted inside. The Wulff construction is

completely equivalent to the Legendre transform [8]. If the

anisotropic surface free energy r(h) contains minima

(cusps), the ECS would have flat segments (facets). If these

minima are deep enough, the facets intersect with each

other forming ridges. The minima (cusps) in r(h) corre-

spond to the low-energy densely packed planes in the

crystal lattice. Less densely packed crystallographic planes

possess shallower minima (see Fig. 1). If these secondary

minima are not deep enough and are far away from the

central point W, they cannot compete with deep primary

minima and would not appear in ECS. If even the primary

minima (cusps) are shallow, then the curved (rough) por-

tions of surfaces appear and separate the primary facets.

The intersection line (ridge) between facets or between

facets and curved (rough) portions of surfaces can be of

first order (two different tangents in the contact point) or of

second order (common tangent, continuous transitions).

The rough (curved) portions of ECS can also form the first-

order rough-to-rough ridges (with two tangents) [8–10].

The Wulff approach is very powerful and became quite

useful in the materials science. Though the Wulff method

for ECS in its original form was developed to explain ‘‘…
rates of growth and dissolution of crystals’’ [4, 5], it was

based on the assumption of constant volume. Later, similar

approach was used in numerous papers for the analogous

kinetic Wulff shape, which gives the limiting shape of a

crystal growing outwardly under diffusion control (for the

review see [11] and references therein). The methods of

construction are the same, even though one is a mini-

mization problem, and the other is a long-time solution of a

first-order nonlinear partial differential equation. More-

over, the use of chemical potentials for solution thermo-

dynamics is very similar to known vector formulations for

surface thermodynamics and the method of characteristics

which tracks the interfaces of growing crystals. Accord-

ingly, the Wulff construction for ECSs has been modified

to construct the so-called chemical Wulff phase shapes

from solution free energies [12].

The shape of r(h) and, therefore, the shape of ECS can

depend on temperature, pressure, impurities, etc. [13–15].

In order to relate expressions of continuum thermody-

namics to the crystallographic features of atomic dimen-

sions, one can calculate r(h) in the framework of the

terrace–ledge–kink model of a surface [16–18]. The basic

structural features of the terrace–ledge–kink model are

steps of monatomic height, kinks, single adatoms and ter-

race vacancies. Steps and kinks may be intrinsic crystal-

lographic defects as well as thermally excited defects at

elevated temperature. In the latter case, the increasing

temperature increases surface roughness. A first systematic

study of step interactions on model single crystal surfaces

gave the expression for the surface free energy which

depends on the (1) surface free energy of a flat terrace

(facet), (2) the local step density of the surface, (3) the free

energy of an isolated step, and (4) the step interaction

energy [19]. The temperature dependence of ECS has also

been calculated for 3D Ising models with the nearest and

the next-nearest neighbour atomic interactions (the so

called solid-on-solid models) [20–23]. The models of this

type predict the fully faceted crystals at T = 0 (with one,

two or three crystallographically different facets, depend-

ing on the atomic interactions). These facets shrink with

the increasing temperature, and rounded vicinal regions

appear (Fig. 2). Each type of facet vanishes at a charac-

teristic roughening temperature TR. According to theory

[24, 25], the roughening phase transition is of the

Berezinskii–Kosterlitz–Thouless type [26–28].

σ(θ)

z(x)

(a) (b)

WW

Fig. 1 Schematic illustrating the Wulff construction, connecting the

anisotropic surface free energy r(h), outer curve, with the equilibrium

crystal shape function z(x), inner curve. W is the Wulff point. a r(h)
contains six crystallographically different cusps, but ECS contains

only two stable facets. Four facets corresponding to other cusps are

metastable. b ECS contains only one kind of facets separated by

curved (rough) portions of surface. Facets and rough surfaces contact

along the first-order ridges
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Faceting of grain boundaries

Special and general grain boundaries

High-angle grain boundaries (GBs) are those with misori-

entation angle h above 15�. They cannot be described as an

array of lattice dislocations since at high h, the dislocation

cores merge. In case of free surfaces, the minima (cusps) in

r(h) and the planes in ECS correspond to the low-energy

densely packed planes in the crystal lattice. In case of GBs,

the orientation of plane facets is determined by two crys-

talline lattices of abutting grains. Consider two interpene-

trating crystalline lattices 1 and 2 and start to rotate them

around one common lattice position. At certain misorien-

tations hR called coincidence misorientations, a part of the

lattice sites of the lattice 1 coincide with the lattice sites of

the lattice 2 forming a coincidence sites lattice (CSL) [29–

31]. This fact was first observed by Kronberg and Wilson

[32]. CSL is characterized by a parameter R (R is the

inverse density of coincidence sites). For example, R = 5

means that each fifth position of lattices 1 and 2 coincides

with each other. CSL is the superlattice for lattices 1 and 2.

Later all possible CSLs for densely packed lattices were

numerically predicted and analysed [29]. Exactly at hR,
GBs have a very perfect periodic structure. These coinci-

dence GBs have low energy rGB, migration rate, diffusion

permeability, high strength and other extreme properties.

The coincidence GBs also tend to facet. In other words, a

curved GB breaks into an array of flat segments [33]. These

segments are usually parallel to the CSL planes densely

packed with coincidence sites. Here we observe the

similarity with facets on free surfaces which are parallel to

the densely packed planes of crystal lattice. Strictly

speaking, a CSL exists only exactly at hR. Any low devi-

ation, Dh = |h-hR| destroys the geometrical coincidence

of lattice sites. However, physically a GB tends to conserve

its low-energy structure up to certain Dh. The structure of

such (special) GBs consists of portions of perfectly coin-

cident lattices separated by the intrinsic GB dislocations

(IGBDs) [34]. The IGBDs have a Burgers vector bR which

is shorter than that of lattice dislocations b: bR = b R -2.

The Burgers vectors bR are elementary vectors of the dis-

placement shift lattice (DSC) introduced by Bollmann [35].

DSC is a reciprocal lattice of CSL.

Here we have to underline that there is no direct con-

nection between coincidence and GB energy. In the early

works, the following geometric criteria were proposed for

the low GB energy: (i) low reciprocal volume density of

coincidence sites R [32]; (ii) high planar density of coin-

cidence sites, C [36]; (iii) high C at constant interplanar

spacing, d [37]; (iv) large interplanar spacing, d [37] and

(v) high density of locked-in rows of atoms [38]. It has

been shown that the prediction power of these simple cri-

teria is highly limited [39–44]. In metals, low grain

boundary energy is associated with dense arrays of closely

packed polyhedral groups of atoms in which the atomic

coordination number is as close as possible to that of the

perfect crystal [45]. Low grain boundary energy in ionic

crystals is always associated with the absence of the

nearest-neighbour ions of the same sign [37]. Not only CSL

GBs can possess low energy and, therefore, tend to facet

[44]. Prominent example represent the so-called 9R low-

Fig. 2 Different scenarios of

surface roughening with the

increasing temperature.

Reproduced from [22] with

permission from APS
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energy non-CSL facets which can be easily observed as

asymmetric R3 twin GBs in Cu, Ag and other face-centred

cubic (fcc) metals [46–49].

It has been demonstrated that the special GBs conserve

their special structure and properties up to a certain critical

misorientation Dhc and temperature Tc [50]. In the ‘‘Tem-

perature–Misorientation’’ coordinates, the areas of exis-

tence of GBs with special structure and properties have a

shape of domes symmetric with respect to hR (Fig. 3). Tc
decreases parabolically, and Dhc decreases exponentially

with the increasing R (Figs. 4, 5) [51]. In other words, with

the decreasing temperature, more and more GBs with

higher and higher R possess special structure and proper-

ties. The physical reason for such behaviour is the GB

faceting–roughening phase transformation similar to those

for free surfaces [52–54]. The energy of individual steps in

a flat surface facet decreases with the increasing tempera-

ture. At certain temperature TR, step energy becomes zero.

If TR\ Tm (Tm is the melting temperature), the flat facet

cannot be stable above TR due to the spontaneous forma-

tion of step arrays and becomes rough (roughening tran-

sition) [22, 55]. It has been predicted theoretically that TR
is lower for the facets with higher step energy (i.e. for the

facets less densely packed with lattice sites) [55, 56].

Experimentally a sequence of three roughening transitions

for different surface facets at different TR has been

observed only in solid helium [57]. Potential GB Wulff

shapes for various R for fully faceted GBs at T = 0 were

analysed in [58].

Faceting–roughening of twin (R 5 3) grain

boundaries in copper

In metals having fcc lattice with low-to-medium stacking

fault energy (SFE), the population of special (CSL)

boundaries is dominated by the R3 and related R32 (R9)
and R33 (R27) GBs [44, 59, 60]. For example, the coherent

twin typically accounts for 10–50 % of the grain boundary

area in an annealed fcc polycrystal [61]. It is mainly due to

the fact that the coherent twin energy id very low in fcc

metals. Thus, the coherent twin energy in fcc Ni is reported

as 0.064 J/m2, or 0.058 of the average boundary energy
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Fig. 3 Regions of existence of special and non-special (general)

grain boundaries with h100i misorienation axis. 1 GBs with special

properties. 2 GBs with non-special properties. 3 GBs with special

structure. 4 GBs with non-special structure. Reproduced from [51]

with permission from Elsevier
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Fig. 4 Dependence of the transition temperature from special to

general GBs on inverse density of coincidence sites R. Reproduced
from [51] with permission from Elsevier
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Fig. 5 Dependence of the angular interval of existence of special

GBs on inverse density of coincidence sites R. Reproduced from [51]

with permission from Elsevier
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[42]. In body-centred cubic (bcc) metals, the energy of

coherent twins is not as low. Therefore, for bcc Fe, the

coherent twin has the energy of 0.26 J/m2, or 0.23 of the

average energy [44]. As a result, the coherent twin popu-

lation in ferritic steels is 3 % or less [62, 63]. Nevertheless,

the coherent twins dominate in the CSL GBs population

also in bcc metals ([44] and references therein). Twins play

a special role also in metals with hexagonal lattice [64] and

semiconductors [65]. Therefore, we illustrate numerous

faceting–roughening phenomena using twin GBs.

CSL plays for GBs a role similar to that of crystal lattice

for the free surfaces. Therefore, one can expect that with

the decreasing temperature, the new GB facets with the

decreasing density of coincidence sites can appear [66] in a

similar manner in which the GBs with high R become

special at low temperature [51]. Such phenomenon has

been indeed observed in [67]. The faceting of a tube-like

R = 3 CSL tilt grain boundary in Cu bicrystals has been

studied in the temperature interval from 0.5 to 0.95 of the

copper melting temperature Tm (Tm = 1356 K) [67]. In

case of tubular samples, GB is slowly moving towards the

sample axis due to the capillary reasons. It has been shown

that the slowly growing or shrinking crystals obtain shape

which is very close to the ECS [11, 12]. Moreover, the

difference between energies of various facets is usually

very low and, therefore, it cannot kinetically ensure the

equilibration of GB shape towards ECS. In this case, the

slow capillary-driven GB migration permits GB to get its

equilibrium shape. Similar method was used to study the

‘‘special-to-general’’ GB transformations for R17 GBs in

tin [50]. In case of quick GB migration, the facets are no

longer in equilibrium and are defined by kinetic differences

(see the ‘‘Grain boundary migration, diffusion and frac-

ture’’ section). In other cases, a GB is not tubular, and a

different kind of constraint is imposed on a GB, such as a

requirement to preserve certain average inclination. In this

case, the stability of initially planar GB is determined by

the inverse sigma-plot construction which, generally

speaking, is different from the Wulff construction [46–49].

The grains of the bicrystals formed the coincidence site

lattice with inverse density of coincidence sites R = 3 [67].

Three is the lowest possible value of R for CSLs between

two fcc lattices. In the whole studied temperature interval,

the facets of R3 GBs intersect each other (Fig. 6a, b). The

rounded (rough) edges between facets were not observed.

Above 0.8 Tm, only two different GB facets were

observed, namely the most closely packed (100)CSL and the

so-called non-CSL 9R facet. (100)CSL facet is also called

symmetric twin GB where the most closely packed planes

{111}1 and {111}2 of both fcc grains are parallel to each

other. At high temperatures, the twin plates in Cu are not

rectangular unlike those in Au [40]. The facets at the end of

twin plates form an angle of u = 82� with (100)CSL plane

(Fig. 6a). u is the inclination angle between actual GB

plane and lowest-energy GB position at u = 0� (symmetric

twin GB in our case). The 82� facet does not correspond to

any low-index CSL plane. The minimum of GB energy

rGB (u) at 82� is due to the existence of thin GB layer with

the so-called 9R structure forming a plate of bcc GB phase

in the fcc matrix [46–49]. Another non-CSL facets were

also theoretically predicted [68]. The (100)CSL/82�9R
edges of the twin plates are sharp. By decreasing the

temperature, new facets appear in ECS of the R3 GB. The

results are given in Figs. 2 and 4. These additional facets

are (010)CSL, (110)CSL, (120)CSL and (130)CSL. All of them

are less densely packed CSL facets than (100)CSL. At

T = 673 K = 0.5 Tm, six crystallographically different

facets exist simultaneously for R3 GB. All observed edges

between the facets are sharp. Hence, the new facets appear

not at the rough rounded parts of the GB, as observed for

surface facets in Pb, Au or He [57, 69–71], but at the sharp

edges between existing facets. It means that the tempera-

ture TRf when a less densely packed CSL facet really

appears in ECS is lower than true roughening temperature

TR for this facet. This feature is illustrated schematically in

Fig. 7 for the (010)CSL, (110)CSL, (120)CSL and (130)CSL
facets. At TR, the cusp in r(m) appears but it is too shallow

to contribute to ECS, and the (130)CSL facet is metastable.

Only when temperature decreases, the cusp becomes deep

enough, and the metastable facet becomes stable and

appears at TRf in ECS. At TRf, the plane normal to the

radius-vector at the respective cusp in r(m) for (hkl)CSL
facet touches z(h), and (hkl)CSL facet appears in the equi-

librium shape. If we suppose that rhkl
�
rð100Þ remains

unchanged at low temperatures, we can estimate the values

rhkl
�
rð100Þ for the less densely packed (hkl)CSL facets from

this construction in Fig. 3.

According to theory [24, 25], the roughening transition

is of the Berezinskii–Kosterlitz–Thouless type [26–28],

and should occur at the roughening temperature TR, given

by

k TR ¼ 2cRd
2=p; ð1Þ

where k is Boltzmann’s constant, cR is the interface stiff-

ness at TR, and d is the interplanar spacing, i.e. the distance

between subsequent crystalline planes, measured in the

direction normal to the surface. Neglecting the anisotropy

of interfacial tension [24, 25] one can substitute the inter-

face stiffness cR by rGB. In case of GB, one has to use the

displacement shift complete lattice [29] and grain boundary

shifts lattice [72] to define d being the height of the ele-

mentary step for each CSL facet. If one uses for the r(100)
the values of SFE in Cu (5.5 9 10-4 J/m2 [73] or

7.8 9 10-4 J/m2 [74] one obtains TR = 1.4–1.9 Tm for the

(100)CSL facet in Cu. Using the measured value r9R/

386 J Mater Sci (2016) 51:382–404
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r(100) = 6 (Fig. 7) one obtains from Eq. (1) TR = 0.9–1.3

Tm for the 9R facet. It reflects well the fact that (100)CSL
and 9R facets remain in ECS of R = 3 GB in Cu up to the

melting temperature Tm. In other words, the Eq. (1) derived

for surface roughening basing on the Berezinskii–Kosterl-

itz–Thouless type theory [24–28] is applicable also for

GBs. Therefore, using the temperature of actual appearance

of each facet TRf instead of TR in (1), one can estimate

again the rhkl/r(100) values for the less densely packed

(hkl)CSL facets. The discrepancies with rhkl/r(100) estima-

tions obtained from Wulff-plot can be due to the fact that

TRf is lower than actual (and unknown) TR.

In Fig. 8, the 3D phase diagram for the R3 twin GBs in

Cu is shown in the ‘‘Relative temperature T/Tm–misorien-

tation angle h–inclination angle u’’ coordinates (T being

the annealing temperature, Tm being the melting tempera-

ture of Cu) [75]. Zero value of inclination angle u = 0

corresponds to the symmetric twin GB. There are a huge

number of papers where the faceting of symmetric twins in

pure Cu was observed up to the melting temperature (some

of these papers are [66, 67, 77–82]). It means that the

roughening does not take place for the symmetric R3 twin

GBs up to the melting point (Fig. 1a). The misorientation

interval Dh = |h-hR3| where the R3 twin GBs remain

faceted is finite and very broad [67]. In case of copper, the

direct evidence exists for the faceting of symmetric R3
twin GBs up to Dh = 2�. The indirect evidence from

rotating single crystal balls experiments gives the Dh[ 4�
[83]. It has to be underlined that the phase diagram in

Fig. 7 concerns only high-purity copper, since the addition

Fig. 6 Light micrographs of the faceted R3 GB in Cu bicrystal at a 800 �C and b 400 �C

9R
(100)

0 0.1 0.2

(-1,-3,0)

σ     /σGB sur

ϕ

χ

m

h

σ(m
)

z(h)

(-1,1,0)

(1,-2,0)

(010)

Fig. 7 Wulff–Herring energy r(m) (thin solid line) and resulting

ECS z(h) (thick solid line) in plane section normal to the {110} tilt

axis for the R3 GBs in Cu at 1293 K. Open circles represent the GB

energy rGB for the (100)CSL, and 9R facets measured with the aid of

atomic force microscopy (AFM). u and v are angular variables which

measure interfacial orientation (m) and crystal shape (h), respectively.
The cusps (dashed thin curves) for the (010)CSL, (110)CSL, (120)CSL
and (130)CSL facets with normal planes touching the z(h) are also

shown. Reproduced from [67] with permission from Elsevier

Fig. 8 Three-dimensional Wulff diagram for R3 GBs in Cu obtained

by using the experimental data from [67]. Reproduced from [75] with

permission from Trans Tech Publications
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of impurities can drastically change the faceting behaviour

of R3 twin GBs in copper [78–80]. The inclination

dependence for R11 tilt GBs in Cu was obtained in [81].

The (T, u) section of interfacial stability diagram for R3
{110} tilt GBs in Cu [67] shown in Fig. 9 is very similar to

the (T, h) interfacial stability diagram for {100} tilt GBs

shown in Fig. 3 [67]. The width Dh and height Tc of the

stability ‘‘domes’’ at hR for special GBs with different

misorientations h decreases with the increasing R (i.e. with

the decreasing bulk density of coincidence sites). The

width Du and height Tc of the stability ‘‘domes’’ for dif-

ferent inclinations decreases with the decreasing plane

density of coincidence sites.

Faceting–roughening of twin grain boundaries

in other materials

For the construction of the ‘‘T-h’’, the interfacial stability

diagram for {100} tilt GBs (Fig. 3) and ‘‘Tc-R’’ and

‘‘Dh-lnR’’ dependences (Figs. 4, 5), the data for different

metals, semiconductors and oxides were used [59]. On the

one hand, it means that the decreasing of Dh and Tc with

the increasing R is a rather general phenomenon. On the

other hand, it is clear that the shapes of faceting/roughen-

ing diagrams for the same R should be different in different

materials. Later the numerous works have appeared which

permits one to compare the faceting–roughening phase

diagrams for the same fcc lattice and the same R for metals

with different SFE. Even the position of energies of tilt

GBs in the total energy spectrum of GBs in polycrystals

strongly depends on the SFE [84–86]. We will use for the

discussion both the SFE and SFE normalized on Gb value

(where G is the shear modulus and b is the Burgers vector

taken from [87]).

The SFE of silver is even slightly lower than SFE of

copper (SFE in Ag is 22 mJ/m2 [74], while SFE

in Cu ranges according to different sources from 30 to

45 mJ/m2 [88], and the respective normalized SFEs are

2.4–3.7 9 10-3 for copper and 2.4 9 10-3 for silver). ECS

of R3 GBs in silver close to Tm is very similar to that in

copper [89]. It also contains only symmetric twin (100)CSL
facet and non-CSL 82� 9R facet. They intersect with each

other without any sign of intermediate curved (rough) GB

portions. Thus, the roughening temperature TR is higher

than the melting temperature Tm for both facets, similar to

copper.

The SFE of Al 140 mJ/m2 [90] is much higher than that

of Cu (the respective normalized SFE is 18.8 9 10-3). In

Fig. 10, the 3D phase diagram for the R3 twin GBs in Al is

shown in the ‘‘T/Tm-h-u’’ coordinates [84]. We did not

find in the literature any evidence that the faceting of R3
twin GBs in Al can be observed above Dh = |h-hR3| = 2�
[91]. In the experiments with Al bicrystals having

Dh = 3�, the short portion of the (100)CSL facet made

contact with rough rounded portions of R3 GB [92, 93]. It

means that the angular interval of the existence of special

R3 GB in Al is much narrower than that in Cu. As seen in

Fig. 10a, at Dh = 0 the R3 twin GBs in Al is completely

faceted [93, 94]. Close to the melting temperature two

facets exist at the R3 GB: (100)CSL and 9R, similar to Cu.

However, the 9R non-CSL facet disappears with the

decreasing temperature already at 0.8 Tm. The (010)CSL
facet appears instead along with the (110)CSL facet. Thus,

below 0.8 Tm, only three crystallographically different

facets [namely (100)CSL, (010)CSL and (110)CSL] exist in

Al, and not six as in Cu. In Fig. 10b, the ‘‘T/Tm-

Dh = 3�-u’’ section is shown. It is superposed on the ‘‘T/

Tm-h = hR3-u’’ section shown in Fig. 10a. It is clearly

seen that only one (100)CSL facet surrounded by the rough

rounded GB portion is present in the Al bicrystal with

Dh = |h-hR3| = 3�. Therefore, the existence area of the

R3 twin GBs in Al is much narrower than that in Cu. The

contact between facets and rough GB portions has a slope

discontinuity (i.e. is of first order) like on the surface of Au

[70]. The facet and rounded rough GB portions form the

first-order facet-to-rough GB ridges. The number of vari-

ous CSL-facets at low temperatures is also less than in Cu

[84].

The SFE of Mo is 410 mJ/m2 [95] and is much higher

than that of Ag, Cu and Al. (The respective normalized

SFE for is 11.9 9 10-3 and lies between that of Al and

Fig. 9 Three-dimensional phase diagram for the R = 3 twin GBs in

Cu in the ‘‘Relative temperature T/Tm—misorientation angle h—
inclination angle u’’ coordinates (T being the annealing temperature,

Tm being the melting temperature of Cu). Zero value of inclination

angle u = 0 corresponds to the symmetric twin GB. Reproduced

from [84] with permission from Springer
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those for copper and silver.) The energy ratio of the

coherent twin boundary and average R3 GB in Mo is 0.26

[96]. It is close to the similar ratio in Fe (0.25, [62, 97, 98])

and to the energy ratio of the coherent twin boundary and

ordinary GBs in Fe–Si alloys (0.22, [97]). These ratios are

much higher than those for the fcc metals (for example, the

coherent twin energy in fcc Ni is reported as 0.064 J/m2, or

0.058 of the average boundary energy [42]). Nevertheless,

the coherent twins in Mo, similar to the fcc metals, possess

the lowest possible energy among high-angle GBs [44].

In Fig. 11, the 3D phase diagram for the R3 twin GBs in

specially grown [99] Mo bicrystals is shown in the ‘‘T/

Tm-h-u’’ coordinates [84]. We did not find in the liter-

ature any evidence that the faceting of R3 twin GBs in Mo

can be observed above Dh = |h-hR3| = ±0.5� [100]. The
circular R3 twin GB in a Mo bicrystal contains only two

parallel flat facets, namely (111)1||(111)2 STGBs or

(100)CSL facets [101]. Both flat (100)CSL facets contact

with rounded rough GB portions. This fact is reflected in

Fig. 11. The existence area of (100)CSL facet is surrounded

by the rough GB area. The flat (100)CSL facets form smooth

edges (no slope discontinuity) with rounded rough GB

portions. This roughening behaviour is similar to that of

facets on the surface of small lead balls [71].

Four slope discontinuities between two rounded rough

GB portions were also observed. All of them are in the

same crystallographic position and are shown in Fig. 11 by

one vertical line at u = 60� [101]. This was the first

experimental observation of the first-order rough-to-rough

ridges theoretically predicted by the Davidson–den-Nijs

model [9, 10]. Similar slope discontinuities were observed

in Nb [76]. Therefore, GBs allow one to observe a broad

diversity of faceting/roughening phenomena which is quite

different and complementary to that of faceting/roughening

of free surfaces [102, 103].

The curved R3 GBs in cubic yttria-stabilzed zyrconia

bicrystals also tend to decompose into two families of

facets, namely symmetric {111}/{111} and asymmetric

{111}/{115} facets. The faceting is preferred in spite of the

increasing GB area to about 6 % [104].

The SFE in zinc according to different sources ranges

from 160 to 200 mJ/m2 [105] and is much higher than that

of copper and silver but lower than that of aluminium and

molybdenum. The normalized SFE in zinc is 27.8–

34.7 9 10-3 and, therefore, higher than all SFEs for Ag,

Fig. 10 Three-dimensional phase diagram for the R3 twin GBs in Al

in the ‘‘Relative temperature T/Tm—misorientation angle h—inclina-

tion angle u’’ coordinates. a h = hR3. b same as Fig. 10a with

additional data for |h-hR3| = 3�. Reproduced from [84] with

permission from Springer

Fig. 11 Three-dimensional phase diagram for the R3 twin GBs in

Mo in the ‘‘Relative temperature T/Tm—misorientation angle h—
inclination angle u’’ coordinates. Vertical dotted line at h = hR3,
u = 60� marks the position of the first-order rough-to-rough ridge.

Reproduced from [84] with permission from Springer
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Cu, Al and Mo. However, crystalographically, the twins in

zinc are very different from R3 twins in Ag, Cu, Al and/or

Mo. The c/a value is irrational in Zn (as well as in other

metals with hexagonally close-packed lattice), a being the

lattice spacing in the basal plane (0001) and c being the

lattice spacing in the direction normal to the (0001) plane.

Therefore, the exact CSL exists in Zn only for GBs with

rotation around [0001] axis. In all other cases, the so-called

constrained CSL approach should be used (CCSL) [105–

111, 115]. The parallel elongated sides of the twin plate are

formed by the coherent symmetric twin ð1102Þ1 || ð1102Þ2
grain boundary (STGB) facets [112]. The faceting/rough-

ening behaviour of twin GBs in zinc is quite different in

comparison with fcc counterparts. On the one hand, the

ð1102Þ1 || ð1102Þ2 STGB in Zn remains faceted up to Tm,

similar to (111)1||(111)2 STGB in Cu, Al and Mo. More-

over, the GB half loop between two parallel symmetric

portions of twin GB become completely rounded (rough) at

TR which is very close to Tm. This behaviour is very similar

to that of Al. It has to be underlined that the SFE of Zn is

also close to that of Al. On the other hand, below the

roughening temperature TR, the faceting of asymmetric

twin GBs in zinc (twin tip) differs a lot from that of Cu, Al

and Mo. Below 360 �C, the twin tip contains only one

plane facet 1 which is nearly parallel to the ð1102Þ2 plane

and has the angle of 84� with the coherent STGB. Above

360 �C, the second facet 2 appears at the tip of the twin

plate. This facet is nearly parallel to the ð1100Þ1 plane and
has the angle of 46� with the coherent STGB. Between 360

and 410 �C, both 84� and 46� facets coexist, and 84� facet
gradually disappears with the increasing temperature.

Above 410 �C, only 46� facet is present in the twin tip

[112].

Transformation of GB facets into rough-to-rough

ridges

The first-order rough-to-rough GB ridge has been observed

for the first time in Mo [101]. It has been observed in Zn

how two first-order facet-to-rough ridges separated by a

GB facet merge together with the increasing temperature

and form a first-order rough-to-rough GB ridge (Fig. 12)

[113, 114]. This phenomenon was observed in tilt 10�10½ �
GB with h = 30�. At low temperatures, a GB loop has a

facet dividing two first-order facet-to-rough ridges

(Fig. 12a). This facet is parallel to the closely packed plane

of a constrained coincidence sites lattice (CCSL) for the

30� 10�10½ � (Fig. 12c, d). It is interesting that the tangents to

the rough GB portions in the end-points of the facet are

also parallel to closely packed CCSL planes. By increasing

the temperature, the facet between points disappears

(Fig. 12b, c), and the first-order rough-to-rough GB ridge is

formed instead of two first-order facet-to-rough GB ridges.

However, the orientation of the first-order rough-to-rough

GB ridge is not arbitrary. The tangents to the rough GB

portions in the ridge point remain parallel to the to closely

packed CCSL planes (Fig. 12c, d) [113, 114]. The trans-

formation of the facet into the first-order rough-to-rough

GB ridge proceeds at TR? = 400 �C. The back-transfor-

mation of the first-order rough-to-rough GB ridge into is

reversible proceeding with a certain hysteresis at

TR- = 395 �C. The individual first-order rough-to-rough

GB ridges also strongly slow down the GB migration in

zinc [116].

Faceting–roughening of first and second orders

According to Gibbs and Cahn [1, 2, 117, 118], the surface

(or interface) free energy can define the surface (interface)

2D-phases and respective phase transformations. The

rough (rounded) portions of surface or interface or crys-

tallographically different facets are such 2D-phases. If the

flat (faceted) and rough (rounded) parts of a surface or GB

coexist, they meet at edges, which may be either sharp

(slope discontinuity) or smooth (no slope discontinuity). In

the first case, the faceting/roughening are of first order,

whereas in the latter case, it is of second order (continu-

ous). Smooth edges between flat facets and rounded rough

regions can belong to the so-called Pokrovsky–Talapov

(PT) [122] or Andreev [121] universality class. They have

been observed in lead [71] and helium crystals [119, 120].

In most cases, one observes the first-order facet-to-rough

ridges in GBs [92, 93, 112]. The second-order (continuous)

facet-to-rough ridges have been observed for the first time

in tube-like R3 twin GBs in Mo bicrystals [101]. The cir-

cular R = 3 twin GB in a Mo bicrystal contained only two

parallel flat facets, namely (111)1||(111)2 STGBs or

(100)CSL facets. The flat (100)CSL facets form smooth

edges (no slope discontinuity) with rounded rough GB

portions. This roughening behaviour is similar to that of

facets on the surface of small lead balls [71]. Near a

smooth edge the shape of the curved interface varies as (see

Fig. 13):

y ¼ A x�xcð Þbþ higher order terms ð2Þ

The position of edge is given by xc. The exponent b is a

critical index. The rough GBs curve away from the plane of

the (100)CSL facets as xb with b = 1.69 ± 0.07 on one side

and b = 1.72 ± 0.07 on the other side of a facet. In similar

tubular Nb bicrystals, the values b = 1.61 ± 0.09 and

b = 1.46 ± 0.09 were observed [76].

There are two main models predicting b values. The

Andreev mean field approach to the problem of crystal

shape neglecting the fluctuations employs a Landau-type

expansion of the free energy near the roughening transition
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of II order [121]. It delivers b = 2, which is the signature

of the square-law effective interaction between steps. The

value b = 2 has never been observed experimentally.

Pokrovsky and Talapov discussed the structure of a

monolayer deposited on a periodic substrate incommen-

surate with the periodicity of the monolayer itself [122].

The steps occurring in the vicinal surface play the role of

the boundaries separating individual commensurate regions

in the model [122]. This theory predicts the b = 3/2.

Therefore, we find for the GB roughening the b values

which are distinctly below the mean-field prediction and

are more consistent with PT theory. In the investigation of

ECS of Pb particles, it has been observed that the critical

exponent b measured near a (111) facet is not completely

universal and varies with azimuthal angle [71]. The b
values distinctly fall into two groups: the first mean value is
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Fig. 12 Optical micrographs of 30� 10�10½ � tilt GB: a The long facet

and two first-order facet-to-rough ridges, T = 370 �C, below TR. b
The first-order rough-to-rough ridge, T = 405 �C, above TR. The

short facet and two first-order facet-to-rough ridges, T = 400 �C. c
Scheme of the temperature influence on the shape of GB loop with a

facet between two first-order facet-to-rough ridges at temperatures

below TR and with a first-order rough-to-rough ridge above TR.

Reproduced from [113] with permission from Elsevier. d Section of

CCSL normal to the 10�10½ � tilt axis for the GB with misorientation

angle h = 30� in Zn. Filled and empty circles mark the sites of two

misoriented Zn lattices. Large circles mark the sites of the CCSL. The

inverse density of coincidence sites is R = 15. Reproduced from

[197] with permission from Carl Hanser Verlag. Unit cell of

respective CCSL (ABCD), position of basal plane (0001) for grain

2 (CD, dashed line) and position of CCSL plane BC parallel to the

facet in the moving GB part are also shown. CCSL planes CD’ and

BA’ are nearly parallel to the tangents to the lower and upper rounded

GB portions in their intersection points with a facet (below TR?) or

with each other (above TR?)
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Fig. 13 Scheme for the

quantification of a curved GB

portions close to the (100)CSL
facet in Mo. Reproduced from

[101] with permission from APS
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about 1.7 (similar to our value for Mo twin GB), and the

second is almost equal to 3/2. It has been shown that the b
value depends on how the steps interact at the vicinal

surface. Scanning tunnelling microscopy demonstrates that

these steps can expose either (100) or (111) microfacets

[123]. Higher exponents are connected with (100) step

ledges. In the case of R3 GBs, in Mo, the difference

between the measured b and theoretical PT values can be

due to similar GB steps.

In [124], the faceting of the almost stationary 10�10½ � tilt
grain boundary with a misorientation angle h of 84� in the

Zn bicrystal has been investigated. The shape of the very

slow migrating grain boundary has been studied in situ

between 350 and 400 �C using polarized light. Two

intersecting facets lie in the closely packed planes of the

CCSL with coincidence parameter R = 15. In the as-

grown sample, flat grain boundary facets formed the sharp

first-order ridge with the break of the first derivative qy/
qx of the grain boundary shape similar to those observed

previously for GB faceting in Zn [109, 113, 114]. However,

above 350 �C, the sharp first-order ridge is substituted by

the smooth GB portion (Fig. 14) without a qy/qx derivative
break similar to that observed in twin GBs in Mo. The

transformation of the as-grown first-order grain boundary

ridge into continuous one has been observed for the first

time. The critical parameter a has been calculated (Fig. 15)

using the grain boundary shape in the transition region.

a increases from a = 1.7 ± 0.07 for 350 �C to

a = 1.9 ± 0.07 for 385 �C approaching the a = 2 value

predicted in the mean-field Andreev model for the con-

tinuous surface roughening.

Faceting–roughening is the reversible GB phase transi-

tion. It was observed initially by in situ heating and cooling

in the transmission electron microscope at R11 GB in Al

near the melting temperature Tm [53]. It has been also

observed in zinc in situ that the length of the facet gradu-

ally decreases with the increasing temperature and

becomes zero at the roughening temperature [112, 125].

Upon cooling below the roughening temperature, the facet

appears again but with a certain hysteresis of about 5 K

[125]. The CSL facets forming first-order ridge with each

other or with rough GB portions were observed not only in

metals, but also in polysilicon [126, 127], GaN [128], PbTe

[129], WC [130] and texturally equilibrated rocks [131].

Influence of impurities on GB faceting–roughening

and connection with wetting phenomena

GB wetting and faceting phenomena are intimately con-

nected together [58, 132]. The Bi-induced GB faceting of

R3 GBs in copper has been observed already in the

beginning of 1990s [133, 134]. The minor additions of

bismuth, sulphur and tellurium in nickel [135] as well as

selenium and tellurium additions in iron [136, 137] also

lead to strong GB faceting. In [138], the faceting of R3 and

R9 tilt GBs has been studied in bicrystals of pure Cu and

Cu–Bi alloys containing 2.5 9 10-3, 10 9 10-3 and

16 9 10-3 at.% Bi close to the meting temperature. The

(100)R3CSL and non-CSL R3 82�9R facet were observed for

R3 GB. In case of R9 GB, the (100)R9CSL, (–110)R9CSL,

and (–120)R9CSL facets were observed. The ratio between

GB energy, rGB, and the surface energy, rsur, was mea-

sured by AFM using the GB thermal-groove method. The

GB energy and thermal-groove deepening rate increased

slightly between 0 and 10 9 10-3 at.% Bi for all

facets studied. However, between 10 9 10-3 and

16 9 10-3 at.% Bi, the GB energy increased dramatically

[from a factor 2 for the R9(110) facet to 15 times larger for

the R3(100) facet]. The thermal-groove deepening rate also

increased by a factor of 10 in this concentration range. This

change corresponds well with the GB solidus line (i.e. the

formation of a stable layer of a liquid-like GB phase called

x

x0

x A

 A
 y

 A

(a)

(b)

Fig. 14 a Section of CCSLs normal to 10�10½ � tilt axis for GBs with
misorientation angles h of 84�. Filled and empty circles mark the sites

of two misoriented Zn lattices. Large circles mark the sites of the

CCSL. The inverse density of coincidence sites is R = 15. The unit

cell of respective CCSL, position of basal plane (0001) for one of the

grains and the position of the most closely packed plane in the CCSL

are also shown. b Scheme for the quantification of a curved GB

portion close to the facet is shown. Reproduced from [124] with

permission from Carl Hanser Verlag
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GB prewetting or GB complexion) [76, 78, 139]. Wulff

diagrams were constructed using measured rGB/rsur values.
The behaviour of R9 facets is quite complicated with the

increasing Bi concentration c. The respective phase dia-

gram for R9 facets is shown in Fig. 16. Open squares

denote the stable facets, and crosses denote the metastable

facets. The lines mark the angular areas v(h) for the

respective ECS facets. With the increasing c, the

(-410)R9CSL area becomes broader at the cost of

2(100)R3CSL areas up to 10 9 10-3 at.% Bi. Between

10 9 10-3 and 16 9 10-3 at.% Bi, the (100)R3CSL area

shrinks, and two new facets (-410)R9CSL and (-230)R9CSL

appear. The facet (-120)R9CSL becomes metastable

between 0 and 2.5 9 10-3 at.% Bi. Therefore, the GB

prewetting phase transition increases the number of stable

R9 facets between 10 9 10-3 and 16 9 10-3 at.% Bi. This

fact explains the early data obtained in the Cu–Bi poly-

crystals [140, 141]. The numbers of faceted GBs in Cu–

3 9 10-3 at.% Bi [141] and Cu–9 9 10-3 at.% Bi [140]

polycrystalline alloys were low since the Bi content in

these alloys is below the GB solidus concentration. How-

ever, the number of faceted GBs in Cu–30 9 10-3 at.% Bi

alloys was very high [140] because this concentration is

well above the GB solidus. The formation of facets after

doping of Cu R11 bicrystal with bismuth has been directly

observed in [142].

Melt- or fluid-filled pore geometry in texturally equili-

brated rocks is characterized by various dihedral angles and

degrees of faceting. In [143], it was investigated quantita-

tively by measuring the grain boundary wetness w, which is
defined as the ratio of solid–liquid boundary area over the

total area of interphase boundaries. The wetness w
increases monotonically with the increasing liquid volume

fraction n. For systems showing no faceting and low

dihedral angle, the relation between w and n agrees well

with the theoretical prediction for an ideal isotropic model

assuming tetrakaidecahedral packing. This is true for the

olivine–basalt system, whereas partially molten lherzolite

shows systematically lower wetness. For systems showing

strong faceting, the wetness is systematically lower than

the theoretical prediction. The developed faceting model

can be used to predict w in texturally equilibrated rocks, in

particular to calculate the seismic wave velocities of par-

tially molten peridotites [143].
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Recently, the aberration-corrected HAADF-STEM per-

mitted to characterize the GBs in 500-ppm Hf-doped

polycrystalline alumina [144]. By combining results from

experimental images taken at different values of defocus

with HAADF image simulation, a novel and general view

of the Hf segregation behaviour has emerged. For the

outermost cation (GB) layer of one grain, there was

extensive substitution of the Al3? ions by Hf4? ions. The

Hf-rich layer contained steps/facets both parallel and nor-

mal to the beam direction. The step height corresponded to

a single atomic layer both normal and parallel to the beam

direction [144].

The GBs and their triple junctions (TJs) [145] can be

wetted not only by the melt, but also by the second solid

phase [146]. In [147], the cold-deformed Cu–Ni–Sn wires

were recrystallized by a short-term annealing at 850 �C,
close to the solidus of the alloy. Slow cooling of the alloys

resulted in faceted GBs. Planar precipitates of (Cu,Ni)3Sn

were detected at the facets. The high-energy GB facets

were covered by the (Cu,Ni)3Sn phase (complete GB

wetting by a second solid phase), but the low-energy GB

facets were free from precipitates [147]. Similar to this

phenomenon, the low-energy symmetric twin GBs

(100)R3CSL in Cu–Sn alloy were dry, but the high-energy

9R facets were wetted and contained the droplets of the

liquid phase [148]. One can introduce different dopants in

the GBs of artificially prepared bicrystals of yttria-stabi-

lized zirconia (YSZ) [149]. The doping elements and

intermediate layers (Y3Fe5O12 and SrTiO3) were intro-

duced by depositing thin films on the contact surfaces of

YSZ crystals prior to the solid-phase sintering of grains.

Depending on the amount and type of deposited material,

the GB continuous intermediate layer (complete wetting by

a second solid phase), or nanoscale precipitates (incom-

plete wetting) at the GB can be obtained. For relatively

small misorientation of adjacent grains, the GB faceting

and formation of different types of GB dislocations were

revealed [149].

Faceting–roughening of low-angle grain boundaries

The low-angle GBs with h\ 15�–20� are constructed of

the dislocations arrays or networks [150]. The positions of

these lattice dislocations are not arbitrary but depend on

mutual orientation and misoientation of glide planes. This

is the reason why low-angle GBs can also facet, even

without CSL. The shape evolution and migration of h100i
and h111i tilt GBs in Al with rotation angles h in the range

between 6� and 24� were investigated in situ in a scanning

electron microscope at elevated temperatures [151–153].

The results revealed that boundaries with misorientation

h\ 15� did not attain a continuously curved shape in the

entire temperature range up to the melting point and, thus,

did not move under a capillary driving force. Instead, they

remained straight or formed several facets which were

inclined to the initial boundary orientation. Molecular

statics simulations suggested that the observed behaviour

of low-angle GBs is due to the anisotropy of grain

boundary energy with respect to boundary inclination

(Fig. 17). This anisotropy diminishes with the increasing

misorientation angle, and high-angle boundaries assume a

continuously curved shape and move steadily under the

curvature driving force. The faceting of low-angle GB

disappears with the increasing temperature T and

Fig. 17 Computed Wulff plots for a 5.1�, 11.4� and 22.6� h100i; and b 6.0�, 14.1� and 27.8� h111i tilt GBs (T = 0 K). Reproduced from [151]

with permission from Elsevier
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misorientation angle h, and they become rough (continu-

ously curved) [154]. Above a certain misorientation angle

h, the lattice dislocations in the low-angle GBs merge and

become indistinguishable, the 2D-row (or array) of 1D-

defects transforms into true 2D-defect, and the driving

force for low-angle GB faceting disappears. The faceting of

low-angle GBs was observed not only in metals [155] but

also in Y–Ba–Cu-, Y–Ca–Ba–Cu- and Bi–Sr–Ca–Cu-based

oxides [156–158].

The role of grain boundary faceting–roughening
in various processes

Abnormal grain growth

Abnormal or discontinuous grain growth, is a grain growth

phenomenon through which certain energetically favour-

able grains grow rapidly in a matrix of finer grains resulting

in a bimodal grain size distribution. The computer simu-

lation predicted that the spontaneous transition from the

normal to abnormal grain growth takes place if the spread

of GB mobilities is high enough [159]. In case of 3D grain

growth, the quickest GBs have to move 3.5 times faster

than the slowest ones. In case of 2D grain growth (each

grain has faces on the top and bottom of a plate or film), the

difference between quick and slow GBs is only 2.5 [159].

If the mobility spread is between 2.5. and 3.5, the abnormal

grains appear when, during the grain growth, the 3D grain

structure becomes 2D [160]. What are the reasons of GB

mobility difference?

Most generally accepted model explaining the transition

from normal to abnormal grain growth is based on the so-

called Zener’s model for particle pinning of GBs [161–

163]. Pinning of GBs by second-phase particles was

modelled by Zener [164] who proposed that particles

occupying a grain boundary simply reduce the overall grain

boundary energy by a value given by the occluded grain

boundary area. This value can be expressed as a pressure

which opposes the grain growth pressure. The Ostwald

ripening of particles decreases the number of pinning sites.

Then, the ability of particles to pin GBs decreases and

triggers the quick growth of a few grains at the cost of

others. The GBs can be dragged not only by particles

(Zener drag) but also by solved atoms (solute drag) or

thermal groves (especially important for thin films) [161].

The rapid migration of certain GBs can be driven by the

GB wetting transition like in electrodeposited nanocrys-

talline Ni and Ni–Fe alloys containing sulphur [165]. The

GBs wetted by the layer of a liquid phase become more

mobile and allow a growing grain to ‘‘run-away’’ from the

fine-grained matrix. Similarly, the low melting temperature

of the Nb-rich, Ba-poor phase at the GBs caused localized

liquid-phase sintering, resulting in abnormal grain growth

in the strontium barium niobate Sr0.6Ba0.4Nb2O6 ceramics

or lead zirconate titanate [166, 167]. Accumulation of

impurities in GBs also leads to the formation of GB liquid

films and to increase of mobility of certain GBs [160, 168–

170]. In this review, it is interesting for us to investigate

how the GB faceting–roughening influences the transition

from normal to abnormal grain growth. Even if this tran-

sition is due to the impurity accumulation and formation of

layers of GB phase (complexions or liquid films), the GBs

frequently possess the large flat facets [165, 167–172]. GB

faceting–roughening is the intrinsic driving force for the

transition from normal to abnormal grain growth even in

the absence of other reason like impurity or Zener drag. If

all GBs have a rough structure, then a nearly isotropic

normal grain growth occurs. The abnormal grain growth is

observed to occur when all or a fraction of the GBs are

faceted [126, 160, 173–184]. Below follows the detailed

discussion of the works [126, 160, 173–184].

There appear to be two possible mechanisms for linking

the faceted grain boundary to abnormal grain growth. The

first is the junction stability with singular boundaries,

proposed by King [185] and the second is the step growth

[186] which becomes continuous at high driving forces

[187]. The GB steps are either produced by 2D nucleation

or existing at the junctions with dislocations.

The correlation between GB faceting and abnormal

grain growth, on the one hand, and GB roughening and

normal grain growth, on the other hand, has been observed

in many systems. For example, a correlation between grain

boundary faceting and abnormal grain growth has been

observed in recrystallized polycrystalline Ni at varying

annealing temperatures, with or without carbon added

[174, 175]. Carburized Ni specimens deformed to 50 pct

show faceted GBs and abnormal grain growth when

annealed at temperatures below 0.7 Tm, where Tm is the

melting point of Ni in absolute scale. When annealed at or

above 0.7 Tm, the GBs are smoothly curved and, therefore,

have a rough structure, and normal grain growth is

observed. In silver, the abnormal grain growth occurred

during anneals at low temperatures (700, 600 and 500 �C,
when a certain portion of GBs was faceted), and at high

temperatures (920 and 800 �C when all GBs were rough or

non-faceted), the normal grain growth took place [176].

Similar effect of temperature and resulting GB faceting–

roughening has been observed in stainless steel [177–179]

and in Fe–Si alloys [180]. Thus, when commercial 316L

stainless steel specimens are heat treated in a single-phase

state at 1100 �C, abnormal grain growth occurs, and some

GBs are faceted with hill-and-valley structures in TEM.

Some segments of these faceted GBs are expected to be

singular. When heat treated at 1300 �C, normal grain

growth occurs with all GBs smoothly curved. These GBs
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are expected to be atomically rough. At intermediate

temperature of 1200 �C, the abnormal grain growth still

occurs, but there are no excessive large grains observed as

in the case of the specimen heat treated at 1100 �C [177].

Another typical material exhibiting abnormal grain

growth during processing is barium titanate, BaTiO3 [181].

It is used for manufacturing of electronic components such

as chip capacitors and positive-temperature-coefficient

resistors. Since grain size and distribution considerably

affect electrical properties, investigators have been

attempted to understand the causes of abnormal grain

growth. When BaTiO3 with 0.1 mol% TiO2 excess was

sintered below the eutectic temperature in air, abnormally

large grains formed in the matrix of fine BaTiO3 grains.

A TEM observation revealed that almost all the GBs were

faceted. On the other hand, however, when the air-sintered

sample with faceted GBs was annealed in H2, the faceted

boundaries became defaceted, and the growth of abnormal

grains was suppressed, while the growth of the matrix

grains was enhanced, showing normal grain growth beha-

viour. After reannealing the H2-annealed samples in air,

however, the grain growth behaviour and grain boundary

structure were found to recover to those observed in the air-

sintered sample. From such observations [182, 183, 188] as

well as from TEM studies [184], it is concluded that

abnormal growth of BaTiO3 grains observed is related to

grain boundary faceting and that boundary faceting is a

necessary condition for abnormal grain growth.

Grain boundary migration, diffusion and fracture

GB faceting strongly influences the GB migration [189–

195]. As discussed above, by slow migration, the GB shape

is close to the ECS. If GB migrates quickly, the combi-

nation of faceted and rough portions can be very far from

ECS. We described above the complicated temperature

dependence of GB faceting of twin GBs in zinc [112].

Below 360 �C, the twin tip contains only one-plane facet

which is nearly parallel to the ð1102Þ2 plane and has the

angle of 84� with the coherent STGB. Above 410 �C, only
second facet nearly parallel to the ð1100Þ1 plane and hav-

ing the angle of 46� with the coherent STGB is present in

the twin tip. Between 360 and 410 �C, both 84� and 46�
facets coexist, and 84� facet gradually disappear with the

increasing temperature. Respectively, the temperature

dependence of GB mobility in the Arrhenius coordinates

demonstrated the GB migration activation enthalpy of

46.6 kJ/mol below 360 �C and above 410 �C, but different
pre-exponential factors (1.1 9 10-11 and 7 9 10-9 m2/s,

respectively). Between 360 and 410 �C, the values of the

apparent migration activation enthalpy are nonphysically

high. They were explained by the model of simultaneous

migration of co-existing grain boundary facets based on the

concept of weighted mean curvature [112].

In [196], the impact of faceting on the motion of a tilt

grain boundary in Zn was studied. The steady-state motion

of GB half-loop was recorded in situ. Above 400 �C, the
migrating GB half-loop was continuously curved (rough).

Below this temperature, a facet appeared and coexisted

with the curved GB forming the first-order facet-to-rough

ridge. The length of the facet increased with the decreasing

temperature. The temperature dependence of the facet

length and the steady-state motions of the GB half-loop

with and without facet were investigated. A theory for the

motion of a faceted GB was proposed. It allowed to explain

the observed phenomena and to extract the mobility and the

temperature dependence of a moving facet. In [197], the

migrating GB TJ formed by three 10�10½ � tilt GBs with

misorientation angles h of 43�, 37� and 6� has been studied.
In certain experimental runs, the facet can form in the

h = 37� 10�10½ � tilt GB. This facet is parallel to the closely

packed plane in the CCSL. The length of this facet

decreases with the increasing temperature and becomes

zero at 415 �C. The temperature dependence of facet

length is better described by mean-field Andreev approxi-

mation than by the solid-on-solid model. The step energy

estimated in the framework of Bonzel approximation [198]

is about 0.1 eV/atom. In other experimental runs, the

h = 37� 10�10½ � tilt GB did not facet and remains rough in

the same temperature interval. This fact allowed us to

compare the stationary migrations of the same TJ with

faceted and rough GBs. TJ formed by faceted GBs migrates

at lower rate of 1–2 orders of magnitude in comparison to

that of rough TJ (Fig. 18). The nonphysically high value of

the apparent migration activation enthalpy of faceted TJ
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Fig. 18 Time dependence of TJ displacement for TJ with facet and

without facet (403 �C). Reproduced from [197] with permission from

Carl Hanser Verlag
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can appear due to the changing geometry of faceted GB,

similar to the case of migration of faceted twin tips.

The GB faceting–roughening influences the GB migra-

tion not only in metals bust also in ice [199] and oxides

[200]. The anisotropy of the GB migration rate in ice was

interpreted in terms of the difference in the density of steps

among facets: the non-faceted boundary with many steps

moves faster than the faceted boundary with fewer steps.

The grain boundary diffusion coefficients along differ-

ent facets of the same GB can differ more than ten times

(like in the case of the gold tracer diffusion along R3 GBs

in copper [201]). GB faceting strongly influences the dif-

fusion-controlled sintering [202]. Namely, a faceted

boundary, either fully or partially faceted, is an imperfect

atom source for densification [203]. This fact is based on

the investigations of effect of GB faceting on densification

in a 5 mol% TiO2–excess BaTiO3. These experimental

observations demonstrated the presence of a critical driving

force for densification in systems with faceted boundaries

and its dependence on boundary faceting, i.e. the critical

driving force is larger for systems with greater GB faceting

[203].

Intergranular faceting during fatigue is relatively a

scarce phenomenon in ductile metals but is known to occur

under certain conditions [204]. In the case of bcc steels, it

can occur at near-threshold growth rates when the size of

the crack tip plastic zone becomes small enough that it is

contained within a single grain, and slip is favoured along

crystallographic planes. This is known to be due to an

effect of moist environments on such steels. Intergranular

faceting of bcc steels during fatigue can also occur when

hydrogen is dissolved in the crystal lattice. In such cases,

depending on the level of dissolved hydrogen and the

applied stress, the fracture surface can display a mixed

fatigue-fast fracture appearance [205]. Intergranular facet-

ing can also result from grain boundary segregation of

phosphorous.

The nature of cyclic plasticity in bcc steels can also lead

to intergranular crack initiation and to localization of slip

within GBs during subsequent crack growth. The slip-in-

duced intergranular faceting can occur during fatigue of

certain ultralow carbon bcc steels. Slip mechanisms in bcc

alloys are strongly dependent on temperature, strain rate

and interstitial atom content and are governed by the

behaviour of long screw dislocations, which are less mobile

than non-screw dislocations and make cross-slip more

difficult. The core structure of a 1/2 [111] screw dislocation

in a bcc alloy is nonplanar, lying in three {111} planes. It

spreads into three 1/6 [111] fractional dislocations which

also spread asymmetrically on three {112} planes in the

twinning sense [206]. This leads to slip asymmetry

whereby the shear stress to move a dislocation in one

direction on a slip plane is not the same as that required to

move it in the opposite direction on the same plane.

Faceting–roughening in oxides

Faceting–roughening transition takes place also in oxides.

Potential GB Wulff shapes for fully faceted GBs at T = 0

in alumina were analysed in [58] for a number of various R
values. Between 1100 and 1600 �C, the R5 GBs in SrTiO3

contain various facets parallel to the closely packed planes

in CSL [207, 208]. Their number decreases with the

increasing temperature, and above 1600 �C, all facets

completely disappear [207, 209]. A combination of the

impedance spectroscopy, high-resolution transmission

electron microscopy (HRTEM), and electron energy loss

spectroscopy (EELS) of a 36.8� [001] tilt R5 grain

boundary demonstrated that the changes in GB impedance,

GB electronic structure, and the GB faceting–defaceting

transition were closely related to each other. The rough

grain boundary observed at 1600 �C contained more oxy-

gen vacancies than the faceted GBs observed below

1600 �C. Disordering of grain boundary by the defaceting

(roughening) transition appears to have caused the abrupt

appearance of GB impedance at 1600 �C [210].

The near R5 (210)/ [100] GBs in Y3Al5O12 (YAG)

bicrystals after annealing between 400 and 1600 �C con-

tain microfacets in the perfect R5 zones between intrinsic

GB dislocations compensating the mismatch to the exact

R5 misorientation [211]. Strong faceting of tilt GBs was

observed in the YBa2Cu3O7-x thin films deposited on

SrTiO3 bicrystal substrates [212]. The microfacets and the

array of lattice and GB dislocations were observed also in

GBs with low h = 8� and high h = 41� misorientation

angles in NiO [213].

GB faceting–roughening in superconductive

cuprates with high critical temperature

GBs are usually detrimental for the electrical properties of

ceramic superconductors, especially in superconducting

cuprates. This can be deduced from the comparison of the

critical currents obtained for single crystals and for poly-

crystalline ceramics [214]. The data measured on thin film

bicrystals epitaxially grown on SrTiO3 bicrystals show that

the critical current Jc exponentially diminishes with the

increasing misorientation angle h between adjacent grains

[215–219]. At h[ 20�, the critical current reaches a pla-

teau, there are also some indications of cusps in the Jc (h)
dependence which correspond to CSLs [215, 216, 220–

223]. This behaviour can be explained by describing the

boundary in terms of primary dislocations with a

spacing d = b/2 sin h/2 (Reed equation for small-angle
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GBs [150] ). When h exceeds 20�, d matches the size of the

dislocation core [224]. This core can be amorphous or can

correspond to a strong perturbation in the atomic structure

[224]. Below h = 20�, the GB contains the segments of

perfect contact of abutting grains forming the high-Tc
‘‘pathways’’ crossing the boundary plane. They are sepa-

rated by dislocation cores with low Tc [219, 225–229]. One

can say to a first approximation, that thereafter a continu-

ous insulating layer of 2–3 nm will lead to a constant

attenuation of the supercurrent. However, the description

of high-angle (h[ 15�) GBs in terms of primary disloca-

tions is not valid. The structure of such boundaries is better

approached with the coincidence model [29]. Therefore,

according to this description, maxima in the critical current

should be observed for specific orientations corresponding

to coincidence relationships between the grains. Due to the

very small coherence length of ceramics (3\ n\ 15 Å
´
),

the behaviour of the boundary is highly dependent on its

local structure [230] at the nanometre scale, and even at the

angstrom scale. It is not sufficient to know the misorien-

tation between the grains to understand the electrical

behaviour of the boundary. One must also gain a precise

insight into the interfacial atomic structure. Several papers

have been devoted to the imaging of GBs in YBa2Cu3O7-x

either as a ceramic [231–236] or as a thin film [107, 237,

238] by TEM. These give, in particular, precise informa-

tion concerning GB segregation and local stress.

TEM studies have revealed that GBs in superconducting

cuprates are composed of facets having various orienta-

tions and typical dimensions of the order of 10–100 nm

[216]. The GB faceting can partially account for the

experimentally observed reduction of the critical current

density Jc with the increasing grain boundary angle h. The
angular dependence of Jc for individual GB facets may

deviate considerably from the Jc(a) dependence observed

in standard measurements that employ macroscopic GBs

[216]. The faceting leads to an inhomogeneous current

distribution in the grain boundary, which is different for the

superconducting and the normal states [216]. It is con-

cluded that a necessary condition for GBs to yield a suf-

ficient critical current is a faceted and low-energy

configuration as well as orientation relationships, between

abutting grains, compatible with the easy propagation of

Cooper pairs in Cu–O planes [220, 239]. The interfacial

atomic structure which includes atoms common to both

crystals should be conductive to a limited decrease in the

order parameter. However, the presence of pseudo-periodic

microfacets, with a size comparable to the vortex core,

should induce an efficient pinning of the magnetic flux

[223, 227, 228, 239–243]. From these structural data, and

in agreement with measurements on specific coincidence

boundaries, it is inferred that the critical current in cuprate

ceramics is likely to be increased, if one could markedly

enhance the ratio of coincidence boundaries which do not

contain the (a, b) plane (Fig. 19) [220]. Therefore, it would

be worth trying to optimize the sintering conditions

towards this goal.

Summary and conclusions

GBs in metals, semiconductors and dielectrics can be either

flat (faceted) or curved (rough). The facets on free surfaces

are parallel to the most densely packed crystal planes. GB

are parallel to the most densely packed planes of CSL

formed by two lattices of abutting grains. Few non-CSL

facets were also observed. Facets exist in restricted areas of

misorientation and inclination angles. They gradually dis-

appear with the increasing temperature (faceting–rough-

ening transition). Facets form ridges with rough GB

portions. These ridges can be of first order (with shape

discontinuity, two tangents in the intersection point) or of

second order (continuous transition between flat and curved

GBs, common tangent in the intersection point). For the

same CSL, faceting is more pronounced for materials with

lower SFE. GB facets control the transition from normal to

abnormal grain growth and strongly influence the GB

migration, diffusion, wetting, fracture and electrical

conductivity.
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