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“That we find out the cause of this effect
Or rather say the cause of this defect
For this effect defective comes with cause”
— W. Shakespeare, “Hamlet”
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Introduction

“I know very well, how little Reputation is to be
got by Writings which require neither Genius nor
Learning, nor indeed any other Talent, except a
good memory, or an exact Journal.”

— Jonathan Swift

... Piglet said, “But, on the other hand, Pooh, we
must remember,” and Pooh said, “Quite true,

Piglet, although I had forgotten it for the moment.”
— A.A. Milne

Although the fabrication of metallic materials has long been known — early
periods in the history of the earth actually were named according to the capa-
bility of producing metals, like the Bronze Age or the Iron Age — it was only
recognized today that the properties of a metallic material are not primarily
controlled by the overall chemistry, i.e. its macroscopic chemical composition,
but rather by the distribution of chemical elements and crystal defects, i.e. by
its microstructure. The major goal of modern materials science and engineer-
ing is the optimization of material microstructure for low cost but optimum
performance of a fabricated part under service conditions. The discrepancy
between the tremendous manpower efforts of natural scientists and engineers
both past and present on the one hand and our lingering inability to compre-
hensively characterize microstructure and to accurately predict properties of a
material or model material behavior on the basis of fundamental concepts on
the other hand is evidence of the difficulty of characterizing microstructure, of
predicting its evolution and finally, of yielding unambiguous microstructure-
property relationships.

The reason for this discrepancy is the extreme complexity of microstructure
and the nonlinear interaction of its elements to yield a particular property.
One important step of microstructure evolution is the development of the
grain structure of a material, i.e. grain size, morphology and topology. The
crystallographic volume property of a grain in a single phase material is its
orientation, i.e. the atomic arrangement with regard to an external reference
coordinate system. Neighboring grains share a common grain boundary, across
which the orientation changes discontinuously.

Grain boundaries are the longest known crystal defects. Although they were
discovered in the mid-eighteenth century, until quite recently, our understand-
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ing of grain boundaries was very poor. Essentially they were associated with
an undercooled liquid or quasi-liquid.

An essential feature of grain boundaries is the strong dependence of their
thermodynamic and, especially, kinetic properties on crystallography, first of
all, on the misorientation between next neighbor grains, but also on the in-
clination, i.e. the orientation of the grain boundary plane with respect to the
adjoining crystalline lattices. Polycrystals are commonly represented as an
assembly of grains which are equal in their physical and chemical properties
but which vary in size and shape. These grains, however, are surrounded by
boundaries which are substantially different in structure and properties. That
is the reason why the characteristics of grain boundaries along with their be-
havior, if extracted from the properties and behavior of polycrystals, are only
very general in nature, e.g. in the course of grain growth the total area of
grain boundaries decreases; Bi in copper polycrystals causes embrittlement,
etc.

The most important property of grain boundaries with regard to microstruc-
ture evolution and microstructure control is their ability to move, if exposed
to a force. The motion of grain boundaries is the dominant process of mi-
crostructural evolution during recrystallization and grain growth, which are
liable to occur during heat treatment of a material, except if grain boundary
motion is suppressed by special measures.

The objective of this book is to give a state-of-the-art overview of our cur-
rent knowledge of the process of grain boundary migration and how it affects
microstructure evolution. The distinguishing feature of this book is that it
focuses exclusively on the properties and behavior of grain boundaries with
well-defined geometry and crystallography. Moreover, these parameters can
be chosen deliberately during the fabrication of the bi- or tricrystals to be
investigated.

The book is intended to serve as a source of information and reference for
scientists working in related fields comprising interface physics and materials
science of microstructure evolution and property control. We tried to give both
the physics and materials science community easy access to the complemen-
tary issues by providing auxiliary chapters on an introductory level on grain
boundary physics and microstructure evolution in terms of recrystallization,
grain growth and textures. Being aware of the need to read textures we pro-
vide a worked example in the appendix to acquaint the inexperienced reader
with this important application of grain boundary migration. These auxil-
iary chapters are meant to provide a concise basis of understanding for the
topic of concern, namely grain boundary motion. For a more fundamental and
comprehensive treatment of grain boundary structure the reader is referred
to other books like A. Sutton and R.W. Balluffi’s, Interfaces in Crystalline
Materials; on the topics of recrystallization and grain growth to books like
J. Humphreys and M. Hatherly’s Recrystallization and Related Phenomena;
and on textures to books like A.R. Wenk’s (editor) Preferred Orientation in
Deformed Metals and Rocks: An Introduction to Modern Texture Analysis.
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We also hope that this book will be a useful textbook for graduate students
in solid state physics and materials science, especially for those concerned
with problems of recrystallization, grain growth and textures, and also as a
textbook for advanced level solid state physics and materials science courses.
This book is dedicated to everybody who wants to understand more about
the fascinating phenomenon of grain boundary motion.

With the restrictions mentioned, we believe that this text represents our
current knowledge of grain boundary motion. But the need for better mi-
crostructural design provides permanent impetus for research in this field so
we expect rapid progress in the coming years. In particular, computer simula-
tion and advanced analytical and imaging methods may help us gain a deeper
insight into this phenomenon. So, exciting times are ahead and we hope this
book contributes to a broader recognition of this important field and stimu-
lates new and genuine research on grain boundary motion and its effect on
microstructure evolution.
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List of Symbols

We tried to use the same symbols for the same quantity throughout the
text, but sometimes the same symbol is a standard designation for different
quantities in a different context. Below we list all the meanings of the symbols
used. There is no possibility of confusion, however, about different meanings
of a symbol, since within a particular context the meaning of a symbol is

unambiguous.

I LATIN SYMBOLS

Ay reduced grain boundary mobility

Ay surface area per unit volume

A surface area

A;  partial atomic (molar) area, occupied by its component in a surface

a;  activity of i-th component

B adsorption constant (the parameter of an adsorption isotherm
equation which determines the intensity of adsorption as a function
of temperature and specific characteristics of a surface (boundary))

b Burgers vector; as index, designates that the quantity relates to
a grain boundary

c concentration; ¢; — concentration of i-th component;
¢, — concentration of vacancies;
cyp — concentration of vacancies at the boundary

D diffusion coefficient; D, — grain boundary diffusion coefficient;
D, — diffusion coefficient of vacancies; also diameter of a grain

d distance between dislocations in a small angle grain boundary;
as index, designates that the quantity relates to dislocations

E  internal energy; E; — elastic modulus; E, — dislocation energy
per unit length; EYV — energy of bulk phase

e as index, designates that quantity considered relates to an
equilibrium state

F Helmholtz free energy: F = FE —TS

G  Gibbs potential: G = E —TS +pV = F +pV

g gi — number of sites for atoms of i-th component at the grain
boundary

g orientation; rotation matrix

H  enthalpy: H = E + pV; H,, — enthalpy of activation of grain
boundary migration; Hp — activation enthalpy of self-diffusion

h depth of a groove
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LATIN SYMBOLS (continued)

J flux

K curvature

k Boltzmann constant; also number of components

L length; as index, designates that the quantity relates to a
liquid state

l as index, designates that the quantity relates to a triple
junction line

M  an extensive characteristic of the system (energy, entropy,
volume, etc.)

M?®  a surface excess of an extensive characteristic

m  bulk density of the extensive characteristic; as index, designates
that the quantity relates to a liquid state

m;  mobility of i-th subject; for instance, m;, — grain boundary
mobility

N number of particles

P driving force

P pressure

Q activation energy

q specific heat

R radius, also gas constant

r radius

S entropy; as index, denotes that the quantity relates to a surface

S entropy per atom

T temperature; T;,, — melting temperature

U interaction energy; Uy — energy of interaction between an
adsorbed atom and a surface (grain boundary)

V volume of the system; V' — volume of a surface layer; also
velocity of a system; as index, denotes that the quantity relates
to the volume

v velocity; usually the normal velocity of grain boundary of
a surface; as index, denotes that the quantity relates to vacancies

W work; also configuration (permutation) probabilities

w as index; designates that the quantity relates to grain boundary
wetting

X  coordinate

Y coordinate

Z coordinate; also coordination number, Z — partition function

z adsorption capacity
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II  GREEK SYMBOLS

as index of a phase or a part (fraction) of a system

as index of a phase or a part of a system,;

also adsorption enrichment coefficient

adsorption; I'; — adsorption of i-th component

parameter of Frumkin-Fowler isotherm:;

grain boundary surface tension; v° — surface tension

of a free surface of a crystal;

+* — grain boundary triple junction line tension

distance; also heat of mixing

an infinitely small change; also grain boundary width

energies (enthalpies), associated with different types

of bonds; also torque terms in the orientation dependence

of grain boundary surface tension

mobility anisotropy

degree of coverage of an adsorption layer; also dihidral

angle at the root of a grain boundary groove; also inclination

of a boundary; also angle at the tip of a triple junction

A dimensionless criterion, which reflects the influence of
the triple junction mobility on grain boundary motion

A thickness; thickness of a surface (interface) layer

LS 24 wo

(O

1 chemical potential; also shear modulus;
1; — chemical potential of the i-th component;
1ist — chemical potential of a standard state
¢ parameter, determines the position of the grain boundary
p  density of a material or a phase
3. inverse density of coincidence sites
o width of the grain size distribution
T  stress
® thermodynamic potential ® = G — vA4; also Euler angle
¢ misorientation (rotation) angle
Q) Gibbs grand potential; 2, — atomic volume
w  bulk density of a potential €2; w; — partial area of

an atom of i-th component
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1

Thermodynamics of Grain Boundaries

“Sometimes he thought sadly to himself, “Why?’
and sometimes he thought, “Wherefore?” and
sometimes he thought, ‘Inasmuch as which?””
“...because it is a thing which you can easily
explain twice before anybody knows what you
are talking about.”

— A.A. Milne

1.1 Introductory Remarks

Thermodynamics is one of the most general methods of investigation; it is free
from model assumptions concerning the internal design of the object studied
or its behavior.

The thermodynamics of interfaces is a classical division of thermodynamics
with well-developed methodology, terminology and numerous startling appli-
cations to dissimilar systems and processes.

While an interface is conceived to be represented by a 2D surface, the inter-
face in a solid also will affect the volume adjacent to the interface. Therefore,
we introduce the term interphase which comprises the interface as well as its
affected volume. In other words, the interphase consists of a layer of finite
thicknesses adjacent to the interface. In the following we will discuss the ther-
modynamics of this volume, i.e. the thermodynamics of the interphase. It is
sufficient at least to discuss the properties and behavior of grain boundaries
on the basis of the methods and concepts of the equilibrium thermodynamics
of interphases. Nevertheless, the direct application of those concepts to grain
boundaries involves some problems caused by the actual distinctions between
grain boundaries and interphases.

The present chapter is designed on the basis of a consistent application of
the thermodynamical methods of equilibrium surface investigations to grain
boundaries in crystals. The feasibility of this concept is confirmed by the
analysis of grain boundaries as an object of equilibrium thermodynamics.
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2 1 Thermodynamics of Grain Boundaries

1.2 Thermodynamics of Surfaces
1.2.1 Introduction

The fundamental thermodynamic characteristic of a surface is the surface
tension . The work performed by a reversible increase of the surface area A
by 64 is

W =~6A (1.1)
If this process takes place at constant temperature 7', constant volume V' of
the system and invariant chemical potentials u; of the components (i = 1,2,
... k, where k is the number of components)

oW =dQr v, (1.2)

where

is the so-called Gibbs grand potential. (F' is the Helmholtz free energy and
N; is the number of atoms of the ith component.)
From Egs. (1.1) and (1.2) follows that in a system with a surface

k
Q) = —pdV — SdT — > Nidp; + ydA (1.4)

=1

(p is the pressure in the system, S is the entropy).
Since the Gibbs potential G is

k
G=E-TS+pV=> unN; (1.5)
=1

(E is the internal energy of the system), the potential 2 is equal to
Q=—pV +~4 (1.6)

In accordance with the theorem of small variations of the thermodynamic
potential we get

IR ) )
"’/ = —_— = _— = e
8A V,S.,Ni 8A p,S,Ni 8A V,T,Ni

-(51) ...~ (53) i
OA) N, \OA) v, '

(H is the enthalpy of the system, G is the Gibbs potential).
Correspondingly:

E:TS—pV—I—Z,uiNi—I—’yfl (1.8)
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1.2 Thermodynamics of Surfaces 3

dE = TdS — pdV + Sp;dN; + vdA (1.9)
H=TS+> uN;+~A (1.10)

dH =TdS + Vdp+ Y _ pidN; + vdA (1.11)
F = —pV—l—Zuﬂ\Q—F’yA (1.12)

dF = —SdT — pdV + Y pidN; + vdA (1.13)
G = Yu;N; +vA (1.14)

dG = —SdT + Vdp + Sp;dN; + vdA (1.15)
Q= —pV +~4 (1.16)

dQ = —SdT — pdV — > Nidp; + ydA (1.17)

K3
The thermodynamic potential G for systems without surface is equal to G =
>, wilN;. For systems with a surface the Gibbs thermodynamic potential G is
no longer the product of the chemical potentials with the number of particles.
Let us introduce the potential with the desired property:

d=G-~A (1.18)
d® = —SdT + Vdp+ > judN; — Ady (1.19)
Since }
G=> pN;+vA (1.20)
=Y N, (1.21)

Consequently, the chemical potential in a single component system with a
surface is the potential ® which is related to one particle.

As can be seen from Eq. (1.17) the equilibrium, i.e. the minimum of the
thermodynamic potential of the system with a surface at constant volume,
temperature and chemical potentials of the components, corresponds to the
extremum of the surface area A: that is, to the minimum if v > 0. Usually,
the value A is not restricted upward since the surface area can increase until
the system becomes homogeneous. Consequently, if restrictions on the surface
shape are not imposed, the equilibrium surface tension v cannot be negative,
and the equilibrium state of the system fits the minimal surface area A. Of
course, if the concept of the surface tension is extended to unstable interfaces,
e.g. those liable to chemical reactions, the surface tension can be negative as
well.
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4 1 Thermodynamics of Grain Boundaries

1.2.2 Is Equilibrium Thermodynamics Applicable to Grain
Boundaries?

It is well known that grain boundaries are non-equilibrium defects of crystals,
contrary to vacancies, for example.

This is because the energy of a grain boundary cannot be compensated
by the configuration entropy, which is small for grain boundaries. Therefore,
grain boundaries could only be produced by fluctuations, which is, however,
very unlikely. In this case the potential grain boundary unit area per unit
volume reads

—_Oo~ 9 _’Y_f‘i i kT 15 —1
M = /AkT-Qanp< kT) dA = . 107 cm (1.22)
0

(Q, is the atomic volume).

To analyze the applicability of the methods of equilibrium thermodynamics
to grain boundaries it is first of all necessary to provide the exact meaning of
the statement that the grain boundary is a non-equilibrium object in a finite
system. The equilibrium of the system with interfaces, in particular, with grain
boundaries, fits the minimum of the corresponding thermodynamic potential
of the system with regard to the restrictions applied to the system. Inasmuch
as the surface tension of the equilibrium surface is positive, a minimum of the
thermodynamic potential can be achieved if the area of the surface is equal
to zero. Consequently, a definite number of restrictions is required for the ex-
istence of any equilibrium surface.

The restrictions may be of thermodynamic character if parameters of the
system like volume, energy and so on are fixed, or geometrical ones if the
points or lines through which the surface must pass are determined. If, for
example, in two-phase systems the temperature, volume and the quantity of
material are fixed in such a way that the minimum of the free energy cor-
responds to the existence of the two-phase state, there will be no net atom
transfer from phase to phase because the specific volumes of atoms in different
phases are different. That is why such a system cannot become a single-phase
one, and the minimum area of the interphase cannot vanish. Therefore, there
are plenty of thermodynamic restrictions only for the existence of an equilib-
rium surface.

The main difference between grain boundaries and interphases in thermo-
dynamic terms is determined by the properties of the volumes divided by
them. Namely, each side of the grain boundary consists of the same phase;
the regions divided by it differ by the orientation in space only (“phase”
means a part of a system which can be characterized by a definite functional
relationship between the state parameters, e.g. by a certain dependence of
the chemical potential on the basic intensive variables: temperature, pressure,
concentrations, etc.). If there is no specific direction — the space is isotropic
— the thermodynamic properties of these regions are the same. From the
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1.2 Thermodynamics of Surfaces 5

thermodynamic point of view it can be said that the grain boundary repre-
sents a “degenerated” case of the interphase — in the sense that there are
differences in the regions divided by the boundary. If there are no anisotropic
external thermodynamic forces like electric, magnetic or elastic fields, there
is the same phase on each side of the grain boundary. Hence, the transfer
of material across the grain boundary, in other words, the grain boundary
migration, is not connected with a change of the volume of the system. So
the existence of a grain boundary in a crystal cannot be achieved by ther-
modynamic boundary conditions only. Therefore, if only thermodynamic and
no other conditions are imposed on the system, equilibrium interphases may
exist, but there are no conditions for equilibrium grain boundaries.

Due to the “degeneracy” of grain boundaries the existence of thermody-
namic boundary conditions alone is inadequate for them to be in equilibrium
— in this sense they are less equilibrium objects than interphases. But the
existence of grain boundaries in a crystal can be forced by geometrical restric-
tions. For example, the grain boundary can be fixed to the surface by thermal
grooves. Under these conditions grain boundaries are in equilibrium with the
adjacent bulk regions by them and can be studied using the approaches of
equilibrium thermodynamics.

If the crystal is under the action of an anisotropic thermodynamic force the
situation changes drastically, and the indicated “degeneracy” will not take
place. If, for example, a magnetoanisotropic polycrystal is placed into a mag-
netic field, the specific free energy of different grains will be different and
the grain boundaries will have the thermodynamic properties of interphases.
Actually, the chemical potential of the atoms of different grains will depend,
apart from the usual scalar parameters, on the grain orientation in relation to
the magnetic field. Consequently, two grains divided by the grain boundary
and oriented differently with respect to the magnetic field direction represent,
with our definition, two different thermodynamic phases. So, in this case the
grain boundary is, from the thermodynamic point of view, an interphase —
the “degeneracy” is lifted. The isolated equilibrium grain may exist in such a
crystal.

The classical thermodynamics of surface phenomena describes surfaces be-
tween the liquid and gas or between two liquids. The grain boundary divides
two crystalline bulk regions, and this problem should be analyzed. The surface
tension v is a surface excess of the thermodynamic potential Q = —pV +~A.
But what is the pressure when it comes to solids?

As mentioned by Gibbs [1], the thermodynamic properties of a surface in
solids should be described not only by the single value v like in a liquid, but
also by two distinct ones. The first one, which Gibbs denoted also by -, is the
work required to create the unit of area of a surface. This is a scalar value 7,
which depends on the orientation of the surface with respect to the crystallo-
graphic axes of the crystal.

The second characteristic of a surface is consistent with the work required
to stretch the existing surface and represents a 2D tensor of second order 3.,
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6 1 Thermodynamics of Grain Boundaries

inasmuch as the work of stretching the surface depends on the orientation in
which the surface is stretched. The tensor §,, is designated as the tensor of
surface tension [2]. It means that the dependence of the surface energy on
deformations can be given as [2]

G5 = [ (4 Bt 4 (1.23)

where u,, are the tangential components of the tensor of deformation. The
surface free energy v and the components are functions of two angles which
specify the orientation with respect to the crystallographic axes. Consequently,
the crystal has to undergo a deformation. Inasmuch as the values of this de-
formation are determined by minimization of the sum of the surface energy
which depends linearly on the deformation tensor and the bulk energy which
changes with the square of the strain, the total energy of these deformations
is necessarily negative.

To show more clearly the sense of these characteristics let us consider a
“Gedankenexperiment” to measure the values mentioned above.

The first experiment of measuring v is the idealization of the well-known
method of zero creep. A thin crystalline sheet is compressed elastically by
surface forces. If we heat the sheet to the temperature of the beginning of a
pronounced diffusivity of atoms, the area of the sheet will begin to decrease.
These forces can be balanced if the corresponding forces will be applied to
the edges of the sheet, so that the velocity of the decrease in size of the sheet
becomes zero, which explains the name of the method. By measuring these
forces we determine the value of ~.

The second “Gedankenexperiment” was considered by Gibbs. Let us apply
forces to the edges of the sheet so that all internal tensions are reduced to zero.
These forces balance the surface tensions of the sheet and make it possible to
measure them. The tensions, measured in such a manner, are obviously dif-
ferent for different directions and generally permit us to determine the tensor
B

“As in the case of two fluid masses ...” we may regard v as expressing the
work spent in forming a unit of the surface of discontinuity — under certain
conditions, which we need not specify here — but it cannot properly be re-
garded as expressing the tension of the surface. The latter quantity depends
upon the work spent in stretching the surface, while the quantity v depends
upon the work spent in forming the surface. With respect to perfectly fluid
masses, these processes are not distinguishable, unless the surface of disconti-
nuity has components which are not found in the contiguous masses, and even
in this case (since the surface must be supposed to be formed out of matter
supplied are the same potentials which belong to the matter in the surface)
the work spent in increasing the surface infinitesimally by stretching is iden-
tical with that which must be spent in forming an equal infinitesimal amount
of new surface. But when one of the masses is solid, and its states of strain are
to be distinguished, there is no such equivalence between the stretching of the

”
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1.2 Thermodynamics of Surfaces 7

surface and the forming of new surface. This will appear more distinctly if we
consider a particular case. Let us consider a thin plane sheet of a crystal in a
vacuum (which may be regarded as a limiting case of a very attenuated fluid),
and let us suppose that the two surfaces of the sheet are alike. By applying
the proper forces to the edges of the sheet, we can make all stress vanish in its
interior. The tensions of the two surfaces are in equilibrium with these forces,
and are measured by them. But the tensions of the surfaces, thus determined,
may evidently have different values in different directions, and are entirely
different from the quantity which we denote by v which represents the work
required to form a unit to the surface by any reversible process, and is not
connected with any idea of direction.

In certain cases, however, it appears probable that the values of v and of
the superficial tension will not greatly differ. This is especially true of the
numerous bodies which, although generally (and for many purposes properly)
regarded as solids, are really very viscous fluids [1].

These two procedures, described above, differ essentially, inasmuch as it
is impossible to create a new bit of crystal surface with a size less than the
lattice constant in the given direction, whereas it is possible to stretch the
surface in such a manner. Hence, it follows that the effects are of the order of
the ratio of the lattice constant to the crystal size. But, nevertheless, taking
these effects into account in some cases is important even for macroscopic
crystals [3, 4]. Anyhow, the existence of two independent characteristics of
the surface tension imposes limitations, e.g. for 2D phases of the surface of a
crystal [4].

The thermodynamic relations and geometrical restrictions discussed above
determine the conditions under which the grain boundaries are equilibrium
objects, and it is absolutely correct to implement the concepts and methods
of equilibrium thermodynamics and statistical physics.

1.2.3 Gibbs Thermodynamics of Surface Phenomena

The method of the thermodynamic description of surfaces in equilibrium sys-
tems was proposed by Gibbs in 1876-1878. The properties of the surface in
terms of a surface layer can be determined by the Gibbs method as differ-
ences between a real system, in which the surface is a certain transition layer
between two phases, and an ideal system, in which the phases are considered
to be homogeneous up to the plane of their contact (Fig. 1.1). So, according
to Gibbs the surface is the transition layer between two homogeneous regions
«a and (3, the thickness of which is much smaller than the other dimensions of
the system.

If M is a certain extensive characteristic of the system (energy, entropy,
volume, mass, etc.), then its surface part (the surface excess) M* can be de-
termined as a difference (excess) between the total value of M and its bulk
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8 1 Thermodynamics of Grain Boundaries
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(a) (b)

FIGURE 1.1

Schematic diagram illustration the application of Gibbs method to interphases
(a) and grain boundaries (b). The area of the hatched regions corresponds to
the surface excess.

part (sometimes the Gibbs method is called a method of excesses):
M® =M — (M*+ MP) (1.24)

where M®, M? are the constituents of M, relating to the volumes a and £,
accordingly.

If m® and m? are the bulk densities of the quantity M in the regions a and
[ divided by the surface, then

M® =M — (m*V* +mPVF) (1.25)

where V® and V# are the volumes ascribed to the regions a and 3. This
definition is not complete, since it does not contain any indication of the
method by which the volumes V® and V? were determined. Consequently,
it will be sufficient to make an assumption which part of the volume of the
system is occupied by each of the regions, and the separation of all other
parameters of the bulk and surface constituents will be completely determined.
Defining the quantities V* and V? in a variety of ways (of course, under the
condition Ve +V#+V* =V = const.), we will get different, though equivalent
forms of the thermodynamic description of surface phenomena. Since for an
equilibrium system with a flat interface the above definition has the property
of linearity, its application to the main thermodynamic equations will give the
same relationships between the excess surface quantities irrespective of the
method used, though the excess surface values themselves do depend on the
method. This is the idea of the method of surface excesses. Gibbs divided the
quantities into surface and bulk parts in the following way. First, he assumed
the excess surface volume to be zero (V* = 0) or V¥ 4+ V¥ = V, where V
is the complete volume of the system. In geometric terms it means that the
transition surface layer is replaced by a two-dimensional dividing surface.
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1.2 Thermodynamics of Surfaces 9

The scheme of change of the bulk density m of an extensive property (the
coordinate z is directed normally to the dividing surface) is given in Fig.
1.1. Far from the surface the values of the quantity m coincide with the bulk
density of it in the phases o and 3: m® and m”, while in the transition layer
m differs from them. The dividing surface is indicated by a dotted line. If the
properties of the phases were on the level of the bulk values, then m(z) would
change in accordance with parallel lines, and the total quantity M would be
determined as

M = meVe +mPvP (1.26)

Because the system properties in the transition layer differ from the bulk
ones, the additional term M*® = m*A is required — the surface excess of the
property in question, where m? is the surface excess density (the excess per
unit area of the surface), and A is the area of the surface. Thus,

M =m*Ve +mPVP + mSA (1.27)

In such a manner the surface excesses and the densities of the surface excesses
of the different thermodynamic parameters can be introduced. The excess
of material in the equilibrium system is referred to by a special term, the
adsorption I'. For the component i-th we get

Ny =n8Ve 4l VP 41,4 (1.28)

(N; is the number of atoms of the component i-th, n; indicates the respective
atomic density.)

Geometrically m® is equal to the shaded area in Fig. 1.1. As mentioned
above, Eq. (1.25) is not complete, so the method of determination of the
volumes V* and V? should be given, in other words, the exact position of
the dividing surface should be set. The surface location can be preset by the
parameter

E=ve)v (1.29)

For a given &, the quantities V® and V?, and, consequently, all the excess sur-
face quantities, are determined uniquely and can be presented in the following
form:

M% =M —Vm® + ¢V (m —m®) (1.30)

In the case of interphases m® # mP and the values of the surface excesses
depend on the choice of the position of the dividing surface, i.e. on £.

Thus, it is seen that the dependence of excess surface quantities on the posi-
tion of the dividing surface [0M°/0¢ = V - (mP —m®)] is due to the difference
in the intensive characteristics of the bulk divided by this surface. Physically,
the position of the dividing surface is determined with an accuracy up to the
thickness of a real transition layer. It could look as if such a small ambiguity
could not affect substantially the values of physical quantities under consider-
ation. However, if the dividing surface is displaced by a distance equal to the
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10 1 Thermodynamics of Grain Boundaries

thickness of the transition layer, the changes in the excess surface values can
be of the same order of magnitude as the excess surface values themselves [5].
Thus, for interfaces the ambiguity of surface quantities is essential.

There is, however, a quantity with an excess surface value, which does not
depend on the position of the dividing surface. This is the potential Q. Actu-
ally, Q> = —pVe, QF = —pVPB, so the bulk densities of the potential Q are
equal to

w*=wPl =—p (1.31)

For the surface excess of €2, as for any extensive function, we have, in accor-
dance with Eq.(1.24)
Q5 =Q+pV (1.32)

In other words, the surface excess 2° does not depend on the position of the
dividing surface.
Comparing Eqs.(1.32) and (1.16) we get

0% =~4 (1.33)

Consequently, in the Gibbs method the surface tension is equal to the density
of the surface excess of the potential (2.

The excesses and the densities of other thermodynamic functions can be
expressed in terms of v and I';. Taking into account that the expression for
the surface excess of extensive parameters (Eq.(1.24)) offers the property of
linearity, we have

(a1M1 + ClQMQ)S = alMiS + ClQMéS (134)

where a; and ag are the intensive parameters common in both phases.
For the Helmholtz free energy F' we get

s
FS = <Q+ZﬂiNi> ZQS-FZ/LZ‘NZ-S (1.35)
The surface density of the Helmholtz free energy is
FSJA=f¥ =5+ Tim (1.36)
The surface density of the Gibbs free energy is

G5 Y nNE
T (137)

The surface density of the entropy can be represented as

o0Ns S5 1 /005 0
s=—(%), o T-1ler)=-() o
V,p,i,A i
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1.2 Thermodynamics of Surfaces 11

and the surface density of the internal energy is equal to

ES  FS4+TSS o
S i — T=L 1.
i i 7+Zi: 0 5T (1.39)

It should be pointed out that the definition of the surface tension 7 through
the work performed by a reversible increase of the surface area by dA —
the relation (1.1) — is the most general at fixed values of the corresponding
thermodynamic parameters. Which parameters should be fixed depends on
the analyzed situation. Sometimes it can be found that the definition of v as
the surface density of some thermodynamic potential is most commonly the
Helmholtz free energy

y=F5/A (1.40)

One can see that for fixed T', V, u; the relation is obeyed with an accuracy of
the terms Y, T's ;.

If we fix volume, number of the particles of each component, and temper-
ature, Eq. (1.40) will be an exact one. But it should be remembered that in
this case the change of surface area means a bulk concentration change.

The Gibbs method is most familiar and used most often, although, as we
have emphasized, it is not the only one. Let us consider two examples [6].

Assume that the additional condition, imposed on the system, is Q% = 0.
Then the surface excess of the volume does not vanish. Actually, in accordance
with Eq. (1.34)

- S ~
QS = (_pv n 7A) —pVS 144 (1.41)
and ~
vs=24 (1.42)
p
Introducing the parameter n
n=ve/(V-V9) (1.43)
we get
M®=M-—mP (V-V5) +n(V -V (m”—m®) (1.44)

The relation between the values, obtained by the Gibbs method Mg and by
the given one, can be found if we compare Eqgs. (1.30) and (1.44):

MS = ME + %A [mP(1 — ) + nm®] (1.45)

Hart [7] studied phase transformations in a one-component system with a
method determined by the condition N° = 0. Correspondingly, for the k-
component system »_; N = 0, and the surface excess of the volume is

i N

e
Zz‘ni

(1.46)
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12 1 Thermodynamics of Grain Boundaries

where n; is the atomic density of the i-th component. The correlation between
the surface excesses according to Hart (M fl) and according to Gibbs (Mg)

is given by
k k
Mg = M§ +m" <V—2Ni/zm> (1.47)

We would like to remind the reader once again that on the one hand, the
choice of a particular method is governed by the specific conditions of the
problem and, on the other hand, it is also a matter of convenience.

Let us return to Eq.(1.17). For the surface parameters it reads

k
Q5 = —pdVS — $5dT — > " N dp; + 7dA (1.48)

Then, comparing Eqs. (1.41) and (1.48) one can get

k
Ady = —S5dT =Y NP dp; + VSdp (1.49)

%

For the specific values s* = §5/A, T; = N5 /A, v = V5/A, Eq. (1.49) acquires
the form

k
dy = —s%dT = " Tydp; + v dp (1.50)

This is the well-known Gibbs equation, which connects the change in surface
tension with the variations in temperature, pressure and chemical potentials
of the bulk phases. The relation (1.50) holds for any surface which is in equi-
librium with the volumes, divided by it.

The Gibbs equation is equally applicable to adsorption at interphases and
to adsorption at grain boundaries, but the grain boundary degeneracy results
in several important distinctions between adsorption at grain boundaries and
at interphases.

A system with an interphase has, at least, two phases, and the number f of
thermodynamic degrees of freedom in such a system, according to the Gibbs
rule of phases, is

f=k+2-p (1.51)

where p is the number of coexisting phases and k the number of components.
The number of differentials on the right-hand side of the adsorption Eq. (1.50)
is k + 2 > k; therefore, not all of them are independent, so it is not possible
to calculate excess surface quantities by direct differentiation of the surface
tension with respect to a corresponding variable. In order to represent surface
excesses in the form of a partial derivative of the surface tension with respect
to one of the variables two additional links are required. One of them can be
the method of calculation of the surface excesses. So, in the Gibbs method, in
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1.2 Thermodynamics of Surfaces 13

a local sense, V* = 0, and the number of differentials on the right-hand side
of Eq. (1.50) decreases to k + 1. Then Eq. (1.50) assumes the form

k
dy = —s%dT — Z Lidps, (1.52)
i=1
and for T'=const.
d’}/ = — Z Fid,ui (153)

This is the most frequently used form of the Gibbs adsorption equation.

As mentioned before, the differential relations between the surface excesses
should be insensitive to the position of dividing surface; nevertheless, the
values of surface excess quantities depend on it. Let us illustrate this by means
of Eq.(1.53). Assume there are two dividing surfaces A; and As, and the
adsorption by them is T'; and T'}, respectively. Obviously,

=T - (cf‘ —cf) A (1.54)
where ¢, cf are the bulk concentrations of the i-th component in the bulk
phases, and A is the distance between the dividing surfaces. The sign of A
depends on the position with respect to the phases « and 3: if Ay is nearer

to the phase o than Ay then A is positive (A > 0). If the temperature of the
system is constant, the Gibbs-Duhem equation is valid for each of the phases:

dp = Xcidp;;  dp = chdm (1.55)

and the equation for the phase equilibrium acquires the form

Z (cf‘—cf) dp; =0 (1.56)

2

Rewriting Eqs. (1.53) and (1.54) in terms of Eq. (1.56) we get

dy = —Zféd,ui (1.57)

As can be seen, Eq. (1.52) does not depend on the position of an arbitrary
dividing surface, as we intended to prove.

A further relation can be found by choosing the position of the dividing
surface. This is usually done in such a way that the adsorption of one of the
components (as a rule, of the solvent) will be equal to zero.

Guggenheim and Adam [8] suggested placing the dividing surface between
the transition layer and the bulk of the condensed phase. There is an impor-
tant advantage to such approach. If the second phase is liquid, in the case
mentioned above, the calculated values of the surface excesses coincide with
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14 1 Thermodynamics of Grain Boundaries

the real concentrations, densities and so on in the surface layer. Let us ex-
press the differential of the chemical potential of one of the components, say
the first one, and the differential of the surface tension as a function of the
differentials of the other components (Eqs. (1.56) and (1.53)):

Sy (e = ) dus

dpy = — — (1.58)
T — G
c& — c.ﬁ
dy ==Y (Ti-T1——=% | du; (1.59)
i=2 cf —

The parameters I'ijy = I'; — I'y (c;?‘ - cf ) / (c‘f‘ - ) are called the relative

Gibbs adsorptions. Contrary to the adsorptions I';, the relative adsorptions
are independent of the position of the dividing surface. I'(1) is the adsorption
of the i-th component attributed to the dividing surface, where I'y = 0 (Fig.
1.1).

For binary systems with an interphase such an approach makes it possible
to express conveniently the adsorption (of the second component) I’

dy a dy
=2 1.
du kT da (1.60)

where a is the activity.
The relationship (1.60) is used very often for adsorption at the grain bound-
aries, neglecting that this is a different situation.

1.2.4 Gibbs Thermodynamic Method Applied to Grain
Boundaries

The title of this chapter reflects the essential thermodynamic distinctions
between grain boundaries and interphases. In turn these distinctions are con-
nected with the above-mentioned property of grain boundaries — they divide
similar phases. The first distinction consists of the fact that the surface ex-
cesses of any extensive value for the grain boundary are independent of the
choice of the Gibbs dividing surface. Actually, inasmuch as the regions o and
0, divided by the grain boundary, are occupied by the common phase, the
bulk densities m® and m? of the extensive quantity M have the same value
m® = m” = m?. In accordance with Eq. (1.30), the surface excesses M are
equal:

MS =M —Vm® (1.61)

and do not depend on the position of the dividing surface, i.e. on the parameter
&. Naturally, this is a physical result, and it is connected with the alternative
version of the Gibbs approach. For example, for the approach, which is defined
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by the condition Q% = 0 (Eq. (1.44)), we obtain for grain boundaries

MS =M —m® (V—%A) (1.62)

i.e. a value that does not depend on the parameter 7, which is the analogue
of the parameter £. This is clearly demonstrated in Fig. 1.1.

The second peculiarity of grain boundary thermodynamics consists of the
fact that for a system with a grain boundary the number of degrees of freedom
by one is greater than for the interphase (see Eq. (1.51)).

Therefore, for a system with a grain boundary all differentials on the right-
hand side of the Gibbs equation (1.52) are independent; for a grain boundary
the Gibbs-Duhem equation does not impose any restrictions on the system,
due to ¢ = cf for all i (compare with the results of [9]). The surface excesses
of the grain boundaries are independent of the position of the dividing surface
and depend on the properties of the grain boundary only. The same can be
described more rigidly in terms of the method mentioned above. The surface
excesses can be determined by the Gibbs method as differences between a real
system, in which the surface is a certain transition layer between two phases,
and an ideal system, in which the phases are considered to be homogeneous
up to the plane of contact (Fig. 1.1a). For an interphase the excesses are obvi-
ously determined by the position of the imaginary surface, which divides two
homogeneous planes. In the case of the grain boundary (Fig. 1.1b), precisely
because the properties of the bulk on both sides of the boundary are the same,
the excess quantities are independent of the imaginary surface position and
have themselves an objective significance.

Due to the availability of the additional degree of freedom a number of
unique possibilities arise. In particular, one can consider adsorption at grain
boundaries in a one-component system, which we shall call autoadsorption.
(There is no sense in considering such a problem for an interphase, inasmuch
as at constant temperature such a system is completely determined.) In this
case Eq. (1.52) takes the form [9):

dy = —sdT — Tydp (1.63)

The parameter I'g has the meaning of an autoadsorption at grain boundaries
in pure material. Expressing p through the thermodynamic characteristics of
the volume and taking into account that s¥ = [gs?, where s is the surface
excess of the entropy per atom at the surface, we get [9]:

dy = —To (s5 — s) dT — ToQqdp (1.64)

where s is the entropy of one atom inside the crystal, {2, is the atomic volume.

Hence 8
N
<3P)T_ T'oq (1.65)
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87 _ S v __2
(ﬁ>p =-To(s; —si) = T (1.66)

where ¢ is the specific heat of grain boundary formation and —¢q/T is the
specific surface excess of entropy.

From Egs. (1.65) and (1.66) it is evident that it is in principle possible to
measure the autoadsorption and the surface excess of entropy.

For our evaluation we shall take I'g = 5-10~1* mol/m?, which approximately
corresponds to the concept of the grain boundary as an undercooled liquid
layer of a width of 3 atomic rows, ,(107° m3/mol). Assuming that v(p) is
linear, a variation of pressure from 0 to ~2.5 GPa gives a change of 0.1 J/m?,
which is comparable with the absolute value of v (0.3-0.5 J/m?).

1.2.4.1 Grain Boundary Excess Free Volume —
Direct Thermodynamic measurement

Egs. (1.63)—(1.66) form the theoretical basis of the direct experimental mea-
surements of grain boundary excess free volume (BFV).

BFV along with surface tension belongs to the major thermodynamic prop-
erties of grain boundaries. It controls to a large extent the grain boundary
diffusivity, grain boundary mobility, vacancy generation during grain growth
and the behavior of the system with grain boundaries under mechanical load-
ing. The value of the BFV defines the force which would like to “squeeze”
grain boundary out of a polycrystal. This effect is especially pronounced in
fine grained and nanocrystalline materials, in this films on substrate [11]-[15].
Unfortunately, until quite recently we were forced to contend with results of
computer simulation, which, in its turn, is strictly limited by grain boundaries
in the vicinity of special misorientation.

Some experimental attempts were undertaken to determine the BFV
[16, 17]. Meiser and Gleiter [16] measured the change of misorientation for
grain boundary energy cusps by applying a hydrostatic pressure of 7-10% Pa.

Merkle et al. [17] measured the BFV by HRTEM observations of the lattice
parameter change in the vicinity of the grain boundary. The value of BFV av-
eraged over all measurements carried out is in the range of 1712—107%m? /m?.

It should be stressed, however, that all estimates are based on models since
they have to rely on assumptions of the grain boundary width, which is un-
known.

As shown above, Egs. (1.63)—(1.66) make it possible, in principle, to mea-
sure correctly the grain boundary excess free volume. To “realize” these equa-
tions the pressure dependence of the grain boundary surface tension should
be known.

The major idea of the method put forward in [18] can be understood from
Fig. 1.2. The tricrystal with grain boundaries GB1, GB2, GB3 is annealing
under high hydrostatic pressure. The change in grain boundary surface ten-
sion has to be reflected in the change in the angles at the tip of the triple
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FIGURE 1.2

(a) Grain boundary geometry to determine the BFV: the grain boundary sys-
tem with triple junction attains an equilibrium configuration at the notches
introduced from the lateral surfaces of the tricrystal. (b) SEM image of inves-
tigated grain boundary system after annealing [18].

junction.

The proposed method was realized in specially grown tricrystals where the
triple junction is formed by two high-angle grain boundaries GB1 and GB2
with equal grain boundary surface energy 71 = v2 = v (Fig. 1.2). The third
grain boundary has to be a low-angle grain boundary whose surface energy s
can be calculated according to the Read and Shockley approach [19]. The sys-
tem in Fig. 1.2 is homogeneous through the thickness of the tricrystal, i.e. the
triple junction line is rectilinear and runs perpendicular to the diagram plane.
Since through the thickness all three grain boundaries extend perpendicular
to the diagram plane, the configuration of the grain boundary system in Fig.
1.2 is quasi-two-dimensional. So, the motion of the grain boundary system is
similar to the motion of a grain boundary system with a triple junction (see
Chapter 4), until GB1 and GB2 arrive at the notches (Fig. 1.2). Boundary
motion will cease, and force equilibrium at the triple junction will be estab-
lished. In this equilibrium the contact angle 26 reflects the balance between
the energy of boundaries GB1, GB2 and GB3 at the given temperature and
pressure

27 cos 0 =3 (1.67)

Egs. (1.65) and (1.67) gives us the relationship between the contact angle and
the hydrostatic pressure

oy 273—2 sinf + %—?

op 2cos 6 (1.68)
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In Eq. (1.68) 6, g—g and v are experimentally measured quantities. (The grain
boundary surface tension 7 can be found from Eq. (1.67), if the surface tension

of the low angle boundary is measured or calculated.) In our consideration we

neglect the influence of the torque terms. To define the derivative (%—”;) the

following approach was used. According to Read and Shockley [19] a low—gngle
grain boundary can be represented by a periodic arrangement of lattice dislo-
cations. In particular, a low-angle twist grain boundary is represented by at
least two sets of screw dislocations. The elastic energy of a screw dislocation
(apart from the dislocation core energy) is not affected by the hydrostatic
pressure since a screw dislocation represents a state of pure shear. The en-
ergy of the dislocation core does not exceed 10% of the total energy of the
dislocation. The effect of the hydrostatic pressure on the lattice constant and,
therefore, on the dislocation and low-angle boundary energy is less than 10%.
It can, therefore, be assumed that the energy of a low-angle twist grain bound-
ary does not change with an increase of hydrostatic pressure.

If the grain boundary GB3 in Fig. 1.2 is a low-angle twist boundary and

(%) = (, Eq. (1.68) can be rewritten as

op T
87) (86‘)
— = — -tan 6 1.69
<ap ~\5), (1.69)

and BFV can be expressed as

sin 0 00

Veb™ = q5 0 2
& 135 cos?0 dp

(1.70)
BFV was measured for two 40° asymmetrical grain boundaries: (111) and
(110). The experiments were carried out on high purity aluminum (99.999%)
[18]. Fig. 1.3 shows the geometrical configuration of the investigated tricrys-
tals for (111) and (110) tilt boundaries. The two asymmetrical 40°(111) of
39°(110) tilt grain boundaries (GB1 and GB2) were superimposed by a rota-
tion around the axis perpendicular to the grain boundary plane by an angle
U of 2°. The third grain boundary (GB3) was, therefore, a low-angle twist
boundary with rotation angle of 4° and the rotation axis (110). The sam-
ples were annealed at 630°C for 60 min under a hydrostatic pressure up to
12.7 kbar (grain boundary system (111)) and 10 kbar grain boundary system
(110)) [18, 20]. The surface tension of 4°(110) twist grain boundary was deter-
mined by molecular dynamic simulation [20] (Fig. 1.4). This small deviation
does not change perceptibly the properties of high-angle grain boundaries;
however, for the energy of the low-angle grain boundary is might be essential.
The relation « vs. angle (Fig. 1.4) of misorientation allows us to determine the
energy of the low-angle twist boundary for each specific sample. That is why
in Figs. 1.5 and 1.6 the measured pressure dependence of the surface tension
v is presented. To check the results obtained the pressure dependence of the
equilibrium vertex angle § was measured for a grain boundary system of two
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FIGURE 1.3
Geometry of tricrystals used in experiment [18].
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FIGURE 1.4
Misorientation dependence of low-angle (110) twist grain boundary computer
simulation [20].
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40° <111>boundary

0.65
0.6 A °*
0.55 - *

05 ¢

7[J/m2]

0453
0.4

0.35 1

0 2 4 6 8 10 12 14

pressure, kbar

FIGURE 1.5
Pressure dependence of grain boundary surface tension v for 40°(111) tilt
boundary [18, 20].
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FIGURE 1.6
Pressure dependence of grain boundary surface tension v for 39°(110) tilt
boundary [18, 20].
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FIGURE 1.7
Pressure dependence of grain boundary surface tension - of high-angle bound-
aries: two 40°(111) grain boundaries and 80°(111) tilt boundaries [18].

40°(111) tilt grain boundaries as GB1 and GB2 and an 80°(111) tilt boundary
as GB3. Due to crystal symmetry 80°(111) corresponds to —40°(111), and the
grain boundary energy of GB3 should be the same as the energy of GB1 and
GB2. The results of the measurements are shown in Fig. 1.7. The measured
angle was about 120° in the whole pressure range and, what is of importance,

(g—f)) = 0. Below are given the value of the BFV for 40°(111) tilt grain
boundary and 39°(110) tilt grain boundary extracted from the experimental
data (Figs. 1.5 and 1.6) in accordance with Egs. (1.65) and (1.68) [18, 20]

(110) : Ty = —Q; ! <g—;) = —1.35- 10 °mol/m” (1.71)

V= ToQ, =1.35-10719+£ 0.6 - 107 %m3 /m?

(111) : Ty = —Q;* (g—D =0.55-10"°mol/m* (1.72)

V™ = ToQ, =0.55-1071°+£0.13- 107 %m? /m?

Vit _

Vi

2.5 (1.73)
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The corresponding expression for grain boundary surface tension is given by
the relationship

_ al
Y =%+ (5_1?)Tp (1.74)

It should be noted that the excess grain boundary volume V3" = —TI'0Q0
measured in the approach discussed defines the absolute value of BFV, for
instance on the grain boundary width.

One can see from Egs. (1.72) and (1.74) that the value of BFV differs for
grain boundaries with different misorientation. The difference is essential, in
spite of not so high experimental accuracy. We believe that such a difference
can play an important role in grain microstructure evolution in the course of
grain growth, in particular in thin films on the substrate [11, 12].

In modern theories of grain boundary structure autoadsorption is closely
related to the concept of a free volume. Autoadsorption determines how much
the substance density in the boundary differs from the substance density in
the crystal bulk.

Contrary to the interphases, in the case of a multicomponent system at
the grain boundaries, there is also, in principle, the possibility of determining
adsorption values for all components from the Gibbs equation. Let us consider
this by means of the example of a binary system. As originally shown by
Speiser and Spetnak [10] the Gibbs equation (1.53) can be recast due to the
relation of Gibbs and Duhem (1.56) in the form:

dy = — (FQ — 1 Cfl) dpse, p,T = const. (1.75)
where ¢ is the concentration of the second component. On this basis Stout [21],
Cahn and Hillard [22] and McLean [23] assumed that T’y and T's cannot be
obtained by measurement separately, but only in the combination (T'y — cI'y
/ (1 = ¢)). This is true if the pressure in the system remains constant. The
relation (1.75) has been derived on the basis of the Gibbs equation (1.53) and
the Gibbs-Duhem relation (1.56): (1 — ¢)du; + cdpe = 0 for constant pressure
and temperature. But if the pressure (or, aside from pressure, any generalized
thermodynamic force such as electric field or magnetic field strength and so
on) can be varied, then [9]:

(1 = ¢)dpy + cdps = Qqdp (1.76)

and from Egs. (1.53) and (1.76) we get:

r
dy=— (Do — —5 1) ) dps — —2 - Qudp, T = const. (1.77)
1—c 1—c¢c

oy B c
(B02),, =~ (- =) e

Hence
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B8 o

Now we can move on to the more convenient variables T, p, c:

Bz (), o

Oy _ Tl (. ¢ Oz
<8p)c,T B (1 - C) (F2 1 - CPl) < 8p >c,T (181)

The relations (1.78)—(1.81) show that the separate determination of the ad-
sorption of the different components at the grain boundary basically is possi-
ble. But for that purpose it is still necessary to know the dependence of the
surface tension on composition and pressure in the system. Measurement of
grain boundary surface tension is a very complicated problem, and no ap-
propriate high-pressure experiments ever have been carried out. At the same
time, important information can be obtained from the dependence of the sur-
face tension on concentration.

Adsorption values depend, firstly, on how much the composition of the
boundary differs from that of the bulk, and, secondly, on how much the atomic
packing density in the boundary differs from the bulk one. The enrichment
of the boundary with an impurity is in many cases a much more important
and interesting effect than the change in density. It turns out that the to-
tal adsorption I'; can be subdivided into two components: the concentration
component, I';, and the density component, I'g, related only to the difference
in densities [24].

Let us direct our attention to a model, where we consider the grain bound-
ary as a homogeneous layer of the width A and of the density p°; then the
adsorption of the i-th component will be

=X (cfps —cip) (1.82)

where ¢, ¢; are the concentrations (the atomic fractions) of the i-th compo-
nent in the grain boundary and in the bulk of the grain, respectively, and p
is the density in the bulk of the grain.

The result to emerge from such a model is:

k k k
ZFizApSZcf—)\chi:/\(pS—p)EFO (1.83)
i i 1

Inasmuch as the bulk and the boundary densities are different, Zf T, #0.
T’y is an important characteristic of grain boundaries; for pure materials it
coincides with the autoadsorption [9]:

_ 2l
Fo= (8]3)1“
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Eq. (1.82) can be represented in the form:
Ty =M% (¢f —¢;) +Ae; (p° = p) (1.84)

or
I, = F/i + ¢; Iy (1.85)

Consequently, the adsorption of the i-th component can be represented as
a sum of two components: the concentration I'; and the density component
¢;To. T is the number of atoms of i-th kind, which should be added to the
equilibrium system at an isothermal increase of the surface area of the system
by one unit, so that the total number of the particles and the bulk concen-
trations in the phases remain constant (the volume of the system should be

changed):
I, = <8Ni) (1.86)
T,Ci

0A
From Egs. (1.83) and (1.85) it follows that

k
ng =0 (1.87)

The second property of the concentration components of grain boundary
adsorption is that at constant pressure and temperature in the system they
satisfy the same Gibbs equation as the total adsorption. These two advantages
of the concentration components of grain boundary adsorption enable us to
determine them from the concentration dependence of the surface tension
alone.

As an example, for the binary system from Eq. (1.63), the Gibbs-Duhem
equation (1.56) and the relation (1.87) we get:

_ Tydps

1-c
This is the maximum we can get in the framework of Gibbs theory, namely, to
determine the concentration components of grain boundary adsorption, using
the concentration dependence of the grain boundary surface tension, which
gives us the surface excesses of the atoms of the components. To determine
the grain boundary solution characteristics this is essential but not sufficient.
The peculiarities of the behavior of the atoms of each component and their
activity should be found. In other words, the chemical potentials of the atoms
of the grain boundary solution remain to be determined.

dy = —Tdpy — Toydps = (1.88)

1.2.5 Grain Boundary Solutions

The equations of the thermodynamics of surfaces and the thermodynamics
of the “bulk” system are similar in a definite sense: the relations between
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the surface excesses of different thermodynamics parameters have the same
appearance as the relations for the bulk ones. In this case the role of the bulk
s “played” by the area of the surface and the role of pressure by the surface
tension (with opposite sign), respectively.

So, if the energy of the bulk phase is

k
V=TS8 —pV + > iy (1.89)
then the surface excess of the energy is
=T5% +~vA+ Z ps N2 (1.90)

This allows us to consider the surface formally as a two-dimensional phase with
its own dependence of the chemical potentials ;% on the intensive parameters:
temperature, surface tension, concentration. The values of the chemical po-
tentials of the surface atoms in equilibrium are identical to those in the bulk
(otherwise the atoms would leave their positions at the surface for those ones
in the bulk or vice versa):

i (T, ¢7) = pa (T, p, ci) (1.91)

“Introducing” the new surface phase is not inconsistent with the Gibbs rule
of phases, inasmuch as, together with a new phase, a new intensive parameter
— the surface tension — will be brought into play. The introduction of this
parameter compensates the reduction of the number of degrees of freedom,
associated with the appearance of the new phase.

Eq. (1.91) permits us to derive some general relations for the surface phase,
if, instead of the bulk ones, the differentials of the surface chemical potentials
in terms of the temperature, content and the surface tension are used in the
adsorption equation (1.52):

k
wi _ . auz _ Buz _
_;Fi 5 =1; rl — Zr = (1.92)

%

The physical meaning of the values [—0uf/ (07)|c] can be determined in
analogy with “bulk” thermodynamics: —v is the analogue of the pressure p.
So, [—0ui/ (07)|c] are the partial molar areas (fli), occupied by the i-th

component in the surface. They obey the relation

> Tid =1 (1.93)

%
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The last in the row of relations (1.92) is the surface analogue of the Gibbs-

Duhem equation
k

S
> Fia—";’ =0
— 0
The thermodynamic theory, which considers the interphase as a phase, was
put forward for binary systems by Zhuchovitskii in 1944 [25].

The transition layer between the phases is considered to be homogeneous.
For the interphase “condensed phase-gas” the irregularity is concentrated in
a monolayer.

For grain boundaries the situation is more complicated, although there is,
in principle, no distinction between them and the interface “condensed phase-
gas.” The data of microscopic observations indicate that the crystallographic
width of the grain boundary is not more than 2-3 lattice constants. The
equilibrium between surface and bulk phases leads for the binary solution to
the system of equations:

pi (v, T, cf) = pa (p, T, c1) (1.94)

s (7, T, ¢5) = pa (p, T, 2) (1.95)

where pf, 15 are the values of surface chemical potentials, and 1, po are the
bulk ones for the first and the second component, respectively. The system of
Egs. (1.94) and (1.95) permits us to find the dependence of the surface tension
and the surface composition on temperature, pressure and bulk composition,
if the functional dependencies of the chemical potentials are known, or, in
other words, the types of solution are known. Let us transform Egs. (1.94)
and (1.95) to a more convenient form by introducing the activities both in the
bulk (a1, a2) and in the boundary phases (af, a3):

= pst(T,p) + kT Inay (T,p,c1) (1.96)

,LL? = :uist (T7 7) =+ kT In Cli (Ta s Ci) (197)

and, by analogy, for the second component. At constant temperature and
pressure we get:

w1 = pist + kT Inaq (c1) (1.98)
pi = pig + KT Inaf(y,ci) (1.99)

The standard states both in the bulk and in the boundary (denoted by st in
Egs. (1.96)—(1.99)) are chosen in such a manner that the activities of the pure
components have to be equal to unity.

Substituting Egs. (1.98) and (1.99) into (1.93) we obtain for ¢; — 1

fist = H (71) (1.100)
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where 7, is the grain boundary surface tension in the pure first component.
Then, from Eq. (1.93) we arrive at:

S S as
H1st (’71) — Hist (’7) =kT lna_i (1101)
Considering that (v — 1) is a small value in the whole concentration interval,
let us expand pf; () in series and neglect high-order terms:

ouig
Bise (7) = pige (1) + (—gl t) (v—m) (1.102)
7 p,T\m

Let us denote (Oui,,/07) —A;. By definition, this value does not

depend on concentration.

T

Then KT af
y=m+ —In2 (1.103)
1 W
and KT as
el (1.104)
Ay @2
where 79 is the grain boundary surface tension in the second pure component,
and A = — (Op3/07), 7 -, is the partial area of the second component in the
boundary. Eliminating the variable v from Eqs. (1.103) and (1.104) we arrive
at -
CL? Cl; Ay A Ar(va—1)
A= (—) e (1.105)
aq a9

Egs. (1.103) -(1.105) were obtained by Zhuchovitskii [25]. The Zhuchovitskii
derivation was based on the same idea of equilibrium between surface and
bulk phases. Then, taking into account that the surface solution is elastically
stretched and the force per unit length is the value of the surface tension -,
we get

pi = i — v A; (1.106)

where A, is the partial area of the i-th component in the surface (boundary).
For the binary solution

1 =l — A (1.107a)
po = 5 — vAs (1.107b)
Then, from Egs. (1.94) and (1.95) we obtain Eq.(1.105). Egs. (1.103)—(1.105)
enable us to determine the activity of the atoms of a specific kind in the
surface (boundary) solution as a function of the bulk concentration, if the

concentration dependence ~y(c) and the thermodynamic characteristics of the
bulk solution are known. The knowledge of the behavior of the atoms in the
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surface solution can indicate their activity, which, naturally, should be related
to their surface concentration, i.e. to the fraction of the atoms of a particu-
lar kind in the surface. However, the values of the chemical potentials are
assigned to surface atoms, which are the surface excesses but not the real
atoms of the surface (boundary) solution. The surface activities and the sur-
face concentrations are activities and concentrations not of the atoms making
up the interface, but of the excess atoms in the Gibbs method. Compatibility
between the thermodynamic approach, given above, and the model theories
is possible only when the number of “excess thermodynamic” atoms coincides
with the number of the real or model atoms.

For interphases this can be achieved if the dividing surface is placed at a cer-
tain position. So, for the system gas-condensed phase the imaginary dividing
surface will be placed between the monolayer and the bulk of the condensed
phase. Then, due to the fact that the gas density is negligible compared to
the density of the condensed phase, the adsorption quantities are simply the
numbers of atoms of a certain kind per unit area of the surface layer, and the
surface concentration is (Fig. 1.8)

g =Ti/Y Ti (1.108)

Therefore, if the surface activity is known as a function of the surface concen-
tration, we get a comprehensive description of the thermodynamic properties
of the surface.

There is an essentially different situation for grain boundaries. As men-
tioned, the surface excesses are independent of the position of the dividing
surface, and the values of the grain boundary adsorptions will always differ
significantly from the number of atoms in the grain boundary. Consequently,
the Gibbs method, where the surface excess of volume is zero, is not applica-
ble. The alternative approach is known as the method of the surface layer of
finite thickness. We still consider the phases as homogeneous, but now they do
not come into contact along the two-dimensional dividing surface to which, in
the Gibbs method, surface excess quantities belong, but instead are divided
by a surface layer of a finite thickness. As a result the net volume of the
phase V* (the volume of the transition layer) is less than the total volume of
the system. Accordingly the expressions for the other surface excesses will be
changed as well; for example, the number of the particles is

N*=N-n"(V*+VF) =N -V +n"V* (1.109)

where N is the number of all particles in the system.

Inasmuch as the surface excess of the volume differs from zero, the right-
hand side of the Gibbs equation will contain an additional term that includes
the pressure differential

k
dy = —s°dT — Zfid,ui + Védp (1.110)

© 2010 by Taylor and Francis Group, LLC



1.2 Thermodynamics of Surfaces 29

_ T o T |
g - II Solid
T I / Solid surface
g i | surface / (1420°C)
E T | (550°C)
-g 1.0 /I —
5 | / / o
c | / Grain / Liquid
= | // boundary / surface
£ i / (550°C) /
@
2 o5 / =
€05 )
b " / /
§ Y A
t 8 // — boundary
%’ L/ (1420°C)
[T | Tl 1T L ovowl vl g
104 103 102 101 1 101

Cyi, [at. %]

FIGURE 1.8

Adsorption isotherms for tin at iron interfaces: the low temperature isotherms
(dashed) are measured directly by AES; the others are derived from the in-
terfacial energy data [31].

where V* is the specific surface excess of the volume.

Now the number of differentials on the right-hand side of the Gibbs equa-
tion exceeds by one the system variance, and the choice of the conditional
parameter provides the freedom which, in the case of interphases, was en-
sured by the dependence of surface excess quantities on the position of the
dividing surface. It is precisely the choice of V' which permits us to obtain
agreement between the excess surface parameters and the model ones.

This parameter should be chosen in such a way that the number of atoms
in the grain boundary equals the respective surface excesses. Consider the
simplest model of a grain boundary — a layer of thickness A and density p®.
If V¥ = X (per unit area) the correspondence between the thermodynamic
quantities and those of the model is achieved.

We would like to emphasize that in the method of a surface layer of finite
thickness all above-mentioned advantages of the Gibbs method are conserved.
Each method has its own field of application, which best suits it. It is ap-
propriate to use the Gibbs method for the description of surfaces that divide
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two different phases. The method of a layer of finite thickness is suitable to
analyze boundaries with the same phase on each side: i.e. grain boundaries,
domain walls, thin films.

The introduction of a new parameter V* requires an explicit dependence of
the surface chemical potentials on the pressure in the system

s = i (T, ¢;,p) (1.111)

Accordingly, the grain boundary thermodynamic identities will be changed:

—XT; (05 /0v) = BTA; = 1
YTy (O3 /dp) = V* (1.112)
XT3 (07 /0ci) = 0

The derivation and the final form of the Zhuchovitskii equations are the same

as for interphases, but the parameter A; now depends on V*. This quantity
should be chosen in such a way that the number of atoms in the grain bound-
ary coincides with the corresponding surface excess values.

The adsorption values in our model are expressed by Eq. (1.82), and the
numbers of parameters can be reduced by relating to the concentration com-
ponents of the adsorption. The important property of these concentration
components is their independence of the value V*. Actually

L =T% 4+ Vpy (1.113)

where the parameter, determined by the Gibbs method, is marked off by using
the index “G”

=T — X0 =1 — X0 — ¢ XVepve; =

2

=T, —XT¢ — e, Vep’ =T¢ — ;5T¢ =T¢ (1.114)

which proves the independence of the adsorption components on V*.
The concentration components can be expressed in terms of a parameter z:

=2z (c —¢) (1.115)

where z = \p°.
The content of the grain boundary can be determined as

5= ;L 1.116
¢ =G ( )

The Zhuchovitskii equations contain the same parameter z

().,
Fi Cizl z Cizl
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Experimentally measured dependency y(c)
Thermodynamics of the bulk solution (c;), a;(c;)

V \ajs), (1.96)

Concentration components Activities of the components
of adsorption I‘; (c;,2) in the grain boundary
aib(Ch Z)
(1.108)

Content of the grain boundary

cib(ci7 Z)

Thermodynamics of grain boundary solution
aib(cib7 Z)’ uib(cib’ Z)

So the scheme of determination of the thermodynamic characteristics of the
grain boundary solution takes the form shown in the diagram above. In such a
way the thermodynamic characteristics of the grain boundary solution can be
defined using the experimentally measured dependency of the grain boundary
surface tension on the content (v (¢;)) and the thermodynamic properties of
the bulk solution. The parameter z — the adsorption capacity of the grain
boundary — cannot be defined by thermodynamic measurements.

Up to now we have presented the scheme of a purely thermodynamic anal-
ysis: the main thermodynamic properties of the system were reconstructed
from the boundary surface tension data. Another method is widely used: the
change in the grain boundary properties depending on the impurity concen-
tration is considered on the basis of a model of adsorption isotherms, i.e. of
the functional dependence of the quantity in connection with an impurity in
the boundary on the concentration of this impurity in the bulk.

Let us return to Eq. (1.105). It constitutes the general adsorption isotherm,
expressed in terms of the activity of the components. In order to connect the
variables of the isotherm with the concentrations of the components at the
surface and in the bulk let us now take into account the relation between the
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activity and the chemical potentials of real and ideal solutions:

a; = C;eXp 17“(” = C;exXp el - exp _m
‘ ! kT ¢ kT ]f
(1.112)

where ¢; is the molar fraction of the i-th component; H;, S; are the partial
characteristics (enthalpy and entropy, respectively) of the real solution; H; is
the enthalpy of the i-th pure component; S; ;geq; is the partial entropy of the
ideal solution.

We obtain the general adsorption isotherm, expressed in terms of the con-
centrations of components at the surface and in the bulk and the thermody-
namic functions of real and ideal solutions in a binary system [26]:

H;—HY 57—51 4
S 1 1 1 1 ideal
c] exp ( T ) exp (—7,€

) eXp ( Sl uleal)
=5 Ay /A,
CS exp ( ) exp ( S5—92 zdcal)
( 2 2 7deal) '

exp [Ml (1.118)

c1 exp (

C2 €eXp (

kT

The further development of isotherm Eq. (1.118) can be done in terms of
a more specific, detailed consideration of the thermodynamic functions and
some additional, statistical assumptions, adopted for the sake of simplicity.
We would like to stress that all adsorption isotherms can be derived from
Eq. (1.118), if the corresponding thermodynamic functions are described in
suitable variables.

Then, in the simplest case, the bulk and grain boundary (surface) solutions
are ideal, and the partial areas of the components are equal

h> |

A=Ay = (1.119)
Eq. (1.118) transforms to

Bq
1—c¢ + Bex

S

¢ = (1.120)

where B = exp (Z (2 — 7)/(kT)} = by exp (Up/kT), and Uy is the energy

of interaction between the boundary (surface) and the adsorbed atom. The
relationship (Eq. (1.120)) is known as the Zhuchovitskii-McLean isotherm [25].

More complicated is the adsorption for atoms which interact both in the
surface and in the bulk solution. Let us consider this interaction in the Bragg-
Williams approximation — the approximation of a regular solution. For a
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regular solution the third factor on the right-hand side of Eq. (1.117) is equal
to one, and all deviations from an ideal solution are determined by the second
factor. The enthalpy H of the regular solution can be expressed as

H=ny HY + noHY + ZA 12

(1.121)
ni + no
where n; is the number of atoms of the i-th component, Z is the coordination
number, A = g12 — (611 + 622)2 is the heat of mixing with €;_;, €;_; and €;_;
the enthalpies associated with the different type of bonds.
The partial enthalpy of the regular solution is

_  OH 2
Hy=—o—=H\ 4 ZA—2 (1.122)
ony (n1 + n2)
or .
Hy — H? = ZAc3 (1.123)

Hence, the activity of the components in a regular solution can be represented
by

ZAc3
a1 = c1exp ( kTCQ> (1.124)
and, respectively,
ZAc}
as = coexp ( chl> (1.125)

Then from Eqgs. (1.118), (1.124) and (1.125) we arrive at the relation between
the surface (boundary) concentration of the component and that of the bulk,
if both the bulk and the surface solutions are regular solutions:

ox ZAC% _ S ex ZSAscf2 A1/ Az
P\ =xT A1 (p—v1) | €2 OXP KT
— kT

= ~ ‘Z e
zZs A3c§2 ZAcf
exp T c2 exp (

where A®, Z° are the heat of mixing and the coordination number, respec-
tively, at the grain boundary.
Let us apply this result to some special situations.

1. No difference between the bulk and boundary solution with regard to the
heat of mixing and the coordination number; the partial areas of the different
species are equal as well:

C

C1

=

(1.126)

A=A
Z5 =127 (1.127)
A=A, =4

Then

‘1

Bey exp [% (cf +c1—1)]
2

— 1.128
1—c; + Bey exp [228 (¢ + ¢ — 1)] ( )

© 2010 by Taylor and Francis Group, LLC



34 1 Thermodynamics of Grain Boundaries

Obviously, the relationship (1.128) is valid over the whole concentration range.
2. Ideal bulk solution but regular boundary solution

A=0

A0 (1.129)

Zl = Z2

Then AN
o Beiewp [42° 2] —1)] (1.130)

1= 7 c1 + Bey exp [Z;rﬁs (2¢5 — 1)] '
In the form AN
B G (201 -1

o= c1 exp [Z5- (2¢] — 1) (1.131)

" 14 Bey exp [Z;—%S (2¢5 — 1)}

it is known as the Fowler-Guggenheim isotherm.
3. Ideal bulk solution and regular surface (boundary) solution; the areas of
the species at the boundary are different:

A=0
A°#£0 (1.132)
Ay # A
In this case
s ANNICS Zl (2 —7) s 75 Ases2\ 14/ A2
ci =ciexp | — T exp T a X T

1.2.6 Statistical Analysis of the Adsorption on Internal
Interfaces in Solids

As mentioned above, the thermodynamic description of grain boundaries is
based on the experiment, on the analysis of the experimentally obtained de-
pendencies of the surface tension on pressure and concentration of the compo-
nents. By contrast, for the statistical analysis of the problem model concepts
must be invoked. A detailed statistical analysis of the adsorption at internal
interfaces in solids, including grain boundaries, is given in [27].

Let us consider the equilibrium in the system: bulk solution - interface solu-
tion (more specifically, the interface is the grain boundary). We shall restrict
our consideration to binary systems. To describe equilibrium in the bulk so-
lution - grain boundary solution system, the isobaric-isothermal potential G
was calculated via the Gibbs canonical distribution:

G=-kTInZ (1.134)
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Since for the system under consideration the partition function Z = Z (of the

bulk solution) -Z (of the grain boundary solution), then

. - - ~A\No o NN N.U NIU
_ N1 7Na . / . " I Vg U2
Z=wZy"tZy?  wy (Zz) (Zz) ( 1T > exp ( T ) (1.135)

Here Z; and Z, are the partition functions for one atom of the first and second
components of the bulk solution; ZJ’C and Z:'E’ are the same quantities for the
grain boundary solution; Ny and N3 and N/ and N/ are the numbers of atoms
of the first and second kind in the bulk and the grain boundary solution; w
and w, are the corresponding configurational (permutation) probabilities; Uy
and U, are the heats of transfer of atoms of the first and second kind from the
bulk solution into the grain boundary solution. The equilibrium distribution
of the impurities between the bulk and the grain boundary corresponds to
a minimum of the thermodynamic potential G of the system, that is to say
either the corresponding partial derivatives is equal to zero, in other words
the chemical potentials of the impurity atoms in both solutions are the same.
This minimum is usually found from the constancy condition either for the
number of solvent atoms or for the number of sites.

One can see that the statistical approach allows considerable freedom.
Firstly, it is associated with the choice of the constants for the determina-
tion of a chemical potential. Let us discuss this problem in greater detail.
Assume that g7 and go are the number of sites for the atoms of the first and
second kind in the bulk solution. If the atoms form a disordered substitutional
solid solution the values of g; and go are indistinguishable; the total number
of sites in such a solution is g = g1 + g2 and it is just this quantity that ap-
pears in the statistical calculations for both atoms of the first and the second
kind. However, if the atoms form an interstitial solid solution (or an ordered
substitutional solid solution) the values g1 and go appear separately.

Let g/ and g/ be the number of sites for the atoms of the first and second
kind in the boundary solution. For the disordered substitutional solid solution
the sum ¢, + g/ = g, = const. appears as before in the calculations.

Let us postulate that the number of sites in the boundary solution is con-
stant, in other words

9h + gl = go = const. (1.136)

Notice that for the bulk solution this condition need not be satisfied. As an
example, if the components form a substitutional solution in the grain (in
the bulk), whereas at the grain boundary there is an interstitial one, a non-
compensated transfer of impurity atoms from the bulk to the grain boundary is
possible. Vacant lattice points should appear in this instance. Let us consider,
however, an equilibrium concentration of vacancies in the bulk (N, = Ng).
Then the vacant lattice points will disappear and g # const. (We assume,
also, that the value of NS does not depend on the content of the impurities
in the solution.)
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Finally, we assume that the following conditions are always met:

Ny + N, = const.
Ny + N = const. (1.137)

With regard to the conditions mentioned above, the thermodynamic situation
is defined by the type of bulk and boundary solution: substitutional or inter-
stitional.

If the bulk and boundary solutions are disordered substitutional solid solu-
tions, the following conditions will be true:

N1 + Ny = N = const.
N, + N = N, = const. (1.138)

This means that there is no uncompensated transfer of atoms from the bulk
solution to the boundary: if the impurity atoms transfer to the boundary the
solvent atoms come back to the bulk.

Note also that in this case g = N1+ No+ N,,. It should be stressed that there
are no conditions Nyj=const. or N/ = const. which are commonly employed
in the course of the determination of the chemical potential.

If there is a substitutional solid solution in the bulk and an interstitial one
at the boundary, then, as already noted, the non-compensated transfer of
impurity atoms is possible and the following conditions will be valid:

N7 = const.
N! = const. (1.139)

i.e. the solvent atoms occupy the lattice points of corresponding lattices and
they (the atoms) can change only the sites between themselves.

Finally, if both solutions are interstitial solutions, the number of the sites
is constant only if:

g1 = const.
g2 = const.
g = const. (1.140)
gr = const.

So, the following four situations can be considered:

1. Both bulk and boundary solutions are disordered substitutional solid
solutions:

g = const.
gz = const. (1.141)
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The sites of the solvent and the impurity atoms in the bulk and grain
boundary solutions (g1 and g2 and ¢/, and g/, respectively) are indistin-
guishable. Moreover,

N1 + Ny = N = const. and N, + N = N, = const. (1.142)

2. There is a substitutional solid inside the grain body and an interstitial
solid solution at the boundary:

Ny = const.; ga = const.; g, = const.; g/, = const. (1.143)

3. Both solutions are interstitial solid solutions:

g1 = const.; go = const.; g, = const.; g’/ = const. (1.144)

4. There is an interstitial solid solution in the bulk, whereas at the grain
boundary a substitutional solid solution is formed.

We will restrict our consideration to the first and second situation but even
under this limitation the variety of possibilities is much larger than in the case
of adsorption at the solid-gas interface.

While the adsorption at free surfaces which occurs from gas and bulk so-
lution is obviously ideal, in the case of adsorption at grain boundaries new
possibilities arise since the solid solution is nonideal. It is nonideal not only
thermodynamically, because of the usual force interaction, but also because
of an “exchange” interaction caused by the crystalline order. Thus, one site
can be occupied by only one atom, etc. In principle, three situations are pos-
sible for each of the subsystems under consideration (the bulk solution, the
boundary solution).

The first is realized when the number of particles is much smaller than the
number of sites, i.e. N < g; consequently, either the bulk solution (concen-
tration ¢ < 1) or the grain boundary solution (the degree of boundary filling
0 « 1) is dilute.

Then the permutation probability in this case is determined by the Boltz-

mann distribution

gN

(1.145)

The second possible situation is realized when each site of both the bulk and
the grain boundary solution can be occupied by not more than one particle
(n < g) (in analogy to the Fermi-Dirac distribution)

(1.146)
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then ¢, < 1.
Finally, we come to the third possibility: each site can be occupied by an
infinite number of particles (an analogue of the Bose-Einstein distribution)

(g + N)!

W=

(1.147)

As a result of possible situations for adsorption at internal interfaces in
solids, in particular at grain boundaries, largely exceeds the diversity of situ-
ations for adsorption at solid-gas interfaces.

Let us comment on the derivation of the adsorption isotherm. We are look-
ing for the minimum of the isobaric-isothermic potential by setting the partial
derivative G /0N equal to zero under the boundary conditions given in Ta-
ble 1.1. Since Ny + N/ = const., it follows that /0Ny = —9/ON) etc. We
assume also that U; = 0 and Uy = U, in other words, the adsorption heat of
the matrix component is zero: it means that only the solute atoms segregate
at the grain boundary.

If the phase has different types of sites — which is typical for ordered solu-
tions, and consequently, which is particularly important for grain boundaries
— it is necessary to take into account not only the kinds of atoms but also
their number and sites of each type. For example, if there are two distinguish-
able kinds of sites a and 3, the number of matrix atoms at the sites of the first
kind is n{ and so on. Then the permutation probability should be written as

(N Ng)! (V] + NG (N1 + N,)!
instead of ————
NeINSINIING! NiINo!

For the substitutional solid solution the concentration of solute atoms in the
bulk solution ¢ and the part of occupied sites in the boundary solution © can
be defined in the natural way: ¢ = Na/g, © = N/ /g,. For the interstitial
boundary solution © = N/ /g..

Let us consider, as an example, the isotherm in a system, where both bulk
and boundary solutions are concentrated and in the boundary solution each
site can be occupied by one particle

_ g! N N. !
7= o T T i
) " N"U
(2 () -exp< o ) (1.148)

Since Ny + N/ = const., Ny + N.= const., Ny + Ny = g=const.

! 2!
g (Zl)Nl (ZQ)N2 g

2= NN NN
! 1" N/I
(2N (2N exp ( kaU) (1.149)
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TABLE 1.1
Different Variants of the Isotherms
No. Bulk solution Surface solution
Conditions w Conditions W
1
2 gN2 /NQ'
3
substitutional g!/N1!/No! substitutional g2® /NI
4 g = const. gx = const. ga!/NLINY !
5 (92 + N2)!/ga! N
6
7 (g + N2)!/g!Na!
8
9 substitutional gN 2 /No! substitutional
10
11 g=Ni+Na+N,  g!/NiINy! g, = const. (g)Ne /NI
12 N; = const. gn =const.  gu!/NJ1 (gt — NJ)!
13 N, = const. N, = const.  (gi + NJ)!/gZl N
14
15
16 (g + N2)!/g!No!
17
18

Therefore, taking Stirling’s approximation, and the obvious relations

0 0 0 0

= _ = — = 1.150
ON, ON! 0N, ON! ( )
we get
Ol Z
(L> —In N, —In Ny —In Z; +1n Zy +
8 N2 g,9s=const.

N~ N 4 Z -z — L =0 (1151)

kT
With the notations
¢ = NQ/gv 0= Nz/://gr
and
B= (2, Z!)Zy Z!)exp (U/KT)
we have " Y
g — NQ gr — Nm Zer
In N, —In N7 zln{Z2Z;exp(U/kT)
and thus

1 1
111(2—1)—111(6—1):111B
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and finally
Bc

T1-¢ + Be
This result coincides with the Zhuchovitskii-McLean isotherm [23, 25]. Ne-
glecting the term “¢” in the denominator, we obtain the Langmuir isotherm:

S (1.152)

-~ Be
1+ Bc

(1.153)

For ¢ <« 1 and bec <« 1 both equations give the Henry isotherm.

The coefficient b, which is proportional to exp(U/kT), consists in fact of
the solubility, more correctly, the ratio, of the impurity solubilities at the
grain boundary and the bulk (c¢{/co). Actually, the heat of adsorption, or the
heat of transfer of the impurity atom from the bulk to the grain boundary
U, is equal to the difference between the heat for dissolving it in the bulk ¢
and that for dissolving it at the grain boundary ¢, (if as zero energy level is
taken the energy of the atom in a phase, which is in equilibrium with both
our solutions, for example, in the gas phase). So, ¢{/co ~ exp [(¢ — gz) /KT] ~
exp [U/kT] ~ B. Conceptually, the same result was obtained by McLean, since
in his derivation U = E — e, where E is the energy of dissolution in the bulk,
and e is the energy of dissolution in the grain boundary.

The last group of isotherms describes the situation when each site in the
interface (grain boundary) can be occupied by a number of particles.

For concentrated substitutional bulk and boundary solutions, in accordance
with the procedure elaborated above, we get:

o g! N1 N2 (91+Ng/c/)'
2= Wi A B T
) " N'U

(2% @2 e () (1.154)

Ny + N,/ = const.; g = const.
Ny + N, = const.; g, = const. (1.155)
Ny + N2 = g = const.
and
Be

0O=—
1—c¢c— Bc

(1.156)

As mentioned above © = T'/T'y, where I' is the adsorption and I'y is the
number of sites. In the example considered, it is possible that I' > I'¢, and,
consequently, © > 1 and even, under certain conditions, it is possible that
O — oo (Table 1.2).

The expression (1.156) is an analogue of the multilayer adsorption, other
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TABLE 1.2
Adsorption isotherms
No. Isotherms Restrictions
1 Be ekl
2 Be/(1+ Bc) ck1
3 Be/(1 — Be) cxk1
4 Be/(1-¢) O<lorc< (1+B)™!
5 Be/(l—c+ Be c<lorO<1
6 Be/(l—c— Be c<(1+B)ltoreg+ch<1
10 B'c exp(—c) ckK1
11 B’c¢/[exp(c) + Bc] ck1
12 B’c/[expc) — Be] cx1
13 B'c O<lorcx B!
14 B’e¢/(1+ B'e) c<lorO<l1
15 B'¢/(1 - Ble) c<Blorc,<1
Notes:

The numbering of isotherms in Table 1.1 is consistent with Table 1.2.
B = 7,7 exp(U/kT)/Z2Z!, = By exp(U/kT)
B’ = Z!! exp(U/KT)/Zy = B}y exp(U/KT)
¢ and ¢, are the solubility of impurity atoms in the bulk (grain) and
at the boundary
B =c}/co

than in the BET (Brunauer, Emmet, Teller) version, where two types of sites
with two different heats of adsorption were introduced. There is one heat of
adsorption for each adsorption layer in the example considered (Eq. (1.156)).
Such a situation was considered by Langmuir in 1918

__bp
 1-Bp

(1.157)

It is obvious that B = p, L where pq is the pressure of the saturated vapor.
When p — pg, © and I' — oo, then condensation occurs.

Thus far we have taken into account the degrees of freedom associated with
the type of the bulk and boundary solutions. We also assumed that the grain
boundary is homogeneous, with regard to the adsorption sites, and that there
is an interaction between the adsorbed atoms. The further development of ad-
sorption theory should consider the effects mentioned. Some of the adsorption
isotherms with interaction (both in the bulk and the boundary solution) were
considered above (Egs. (1.126)—(1.133)). Now we would like to show how this
problem can be solved in the statistical approach. The consideration will be
given in the Bragg-Williams approximation.

The expression for the statistical sum of the system can be obtained by mul-
tiplying the right-hand side of Eq. (1.127) by exp [—~ZA (NJ) H?/ (2¢,kT)].
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Following the procedure given above we get instead of the isotherm © =
Be(1 + Bc) the isotherm

o Bc exp (—70)
~ 1+ Bcexp(—70)

(1.158)

The expression (1.158) is the Frumkin isotherm, with ¥ = ZA/kT. Obvi-
ously, under the condition |e12] > |(e11 + €22) /2| the heat of mixing A < 0
and 4 < 0. Then for large |A| > kT we have ©® — 1: interaction leads to
saturation. In contrast, for A > 0 and 4 > 0 saturation cannot be reached.

An analysis of the isotherms (1.126)-(1.135), (1.158) shows that at a tem-
perature lower than the critical temperature T, there is a “jump” on the
isotherm — a segregational phase transition, which disappears at ©., = 1/2
or T, = ZA/2k (for the isotherm (1.158)).

In order to derive the expressions for a multilayer isotherm, i.e. the adsorp-
tion at a non-homogeneous surface (grain boundary), it is rational to consider
the transfer process of particles between the boundary solution and the bulk
solution by using the Gibbs grand canonical distribution. In such an approach
the number of impurity particles in the solution is

dln Z
N, =\ < 5 ) (1.159)
TV

where Z = XANZ N, 1s the grand canonical sum; the summation is taken over
all possible states, which differ in the number of particles; Zy_ is the statistical
sum for N particles in the boundary solution and a is the thermodynamic
activity: a = exp (u/kT).

The calculation reduces, consequently, to the determination of the grand
statistical sum for the different situations [28, 29]

1. There are states in the boundary solution at the common Langmuir
adsorption which do or do not contain one particle. Then for the first
particle the grand sum is equal to 1+ AZ1, and for g, adsorbed particles

Z = (14 aZy)" (1.160)

Using Egs. (1.159) and (1.160) we obtain the Langmuir equation © =
Bc/(1+ Be) or, over the range of concentrations, © = Be/(1 — ¢+ Be).
For a solution with a limited solubility

Be
O= ———— 1.161
co—c+ Be ( )
where ¢g is the limit of the bulk solubility.
In the description of the adsorption at a non-homogeneous surface the
dependence of the heat of adsorption on the “number of sites” dU/dI’
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should be given. If the adsorption heat takes the discontinuous values
Ui, Us, Us, .... U;, then with B; 2 exp (U;/kT) we obtain

Bic
0= i 1.162
Zi:a 1+ B;c ( )

where «; is the fraction of sites with the heat U;. (Obviously, Ya; = 1.)
If dU/dI'=const. (Temkin isotherm):

1. 1+ BazC

0=-1
n1+BminC

_ = (1.163)
Y

where Bmax ~ eXp(Umax/kT); Bmin ~ exp(Umin/kT); 7= (Umax -

Unin/KT); Unax, Unmin are the maximum and the minimum value of the

heat of adsorption, respectively.

2. In the case of multilayer adsorption it should be assumed that there
are states with 0, 1, 2, .... N particles. In accordance with concepts
of multilayer adsorption (BET) let us distinguish the states when the
particle is in the first layer (Z1,), or in the second (Zs,), third (Zs,) and
so on. In this case all states succeeding the first are indistinguishable
from one another, i.e. Z1, = aZs,,« = exp (U1 /kT), and Zs, = Z3, =
.. = ZNg. Then:

Z = (1 + N1, + A2Z1mZ2m + A3Z1122r23x + )gz
or, at specified conditions

Z = 1+ XaZoy + NaZ3, + NaZy, +...)"" =

o)Vt 1"

Here, like in the previous case, AZ1, = AaZ, = Bc, \Z3, = B’c, where

B =exp (U/KT) = c)/co and B’ = c;!

Finally
N, NBN T+ (N-1)(Be)V 2 +..+2Bc+1
Ne . (B'c) +Sv1 ) ( c])v2 +...+2Bc+ (1.165)
9e 1+ Be [(B’c) BN 4 Bt 1

We can also introduce the fraction Be/(1 — ¢) or Be/(¢o — ¢) instead of
Bec to describe © over the whole range of concentrations.
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In the special case n = 1 Eq. (1.165) coincides with the Langmuir isotherm.
In the special case N =2

N, 2B'c+1
—=Bc———F——— 1.166
9z C1—|—Bc(B’c—i—1) ( )
At last, in the special case N — oo we get the BET isotherm:
N, B
- ¢ (1.167)

92 (1—=B’¢c)(1+ Bc—B'c)

Consequently, the given analysis shows that there are many situations that
can be realized for the adsorption from a solid solution to internal surfaces.

1.3 Experiments
1.3.1 Adsorption

All experimental methods of studying grain boundary adsorption, or, as it is
more customary to say, “segregation,” can be subdivided into two groups.

The methods of the first group are associated with the direct analysis of the
composition of the surface (grain boundary) layer and subsequent calculation
of the value of adsorption from the formula: I'; = 2 (¢{ — ¢;). The quantity
z determines the thickness of the grain boundary. The adsorption (segrega-
tion) calculated in this way is the concentration part of the total adsorption
(segregation); this part is the excess adsorption in Gibbs’ sense, i.e. specific
boundary excess of the particles of the i-th kind. The adsorption quantities
of different components are connected by the apparent relationship

Iy +T5 =0 (1.168)

The methods of direct measurement of the grain boundary adsorption (seg-
regation) were actively developed in recent years [30]-[34]. Comprehensive
reviews give an idea of the present state of the art of grain boundary ad-
sorption and, in particular, how the segregation experiments fit the modern
concepts of grain boundary structure [34, 35].

The following problems are most interesting for the physicist and materials
scientist:

(a) how wide is the zone of grain boundary segregation;

(b) which way is the segregation associated with the grain boundary struc-
ture;
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(c) which isotherms can describe the grain boundary segregation, which is
the magnitude of the adsorption (segregation) heat, number of adsorp-
tion sites, and the enrichment of grain boundaries;

(d) finally, what are the activities of atoms in the grain boundary solution.

The first three problems can be treated equally by the direct and indirect
methods of investigating grain boundary segregation, whereas the last problem
(d) is best studied by analysis on the basis of the Gibbs adsorption equation
(1.150). All investigations give an unambiguous answer to the first question:
the zone of grain boundary segregation, or, in other words, the enriched zone
is narrow, not more than some monolayers. Usually, the enrichment does not
exceed the capacity of one monolayer, but for grain boundary adsorption of
Sn in bee Fe polycrystals the capacity of 1.5 monolayers was achieved [31].
It is of significance that the result mentioned above was obtained using the
Gibbs adsorption equation as well as Auger electron spectroscopy measure-
ments (Fig. 1.8).

The direct criterion for the surface activity is the derivative 9v/du;; for
dilute or ideal solutions 07/dc, respectively. (It should be taken into account
that even if the bulk solution is dilute the grain boundary solution can be
saturated.) However, the dependence (c) as a rule is unknown. That is why
a number of criteria were proposed to estimate the grain boundary activity of
different impurities including the difference of the melting temperature of the
solvent and the solute, the difference of the generalized moments, the atomic
volumes, etc. All correlations were qualitative; only the coincidence of the sign
was checked.

The development of new direct experimental methods enables us to obtain
quantitative correlations. Hondros and Seah [36] introduced the enrichment
coefficient § = ©/¢, where © is the fraction of the packed area of the grain
boundary, which can be determined as © = T'/T'y. I'; fits the situation that all
adsorption sites are occupied. It is of importance that the linear dependence
between the coefficient 3 and the bulk solubility ;' has been observed (Fig.
1.9) [36]. The coefficient 3 determined in [36] ranges from 10° to 10% — 10%.
The linear dependence between 8 and ¢, 1'is satisfactorily met over a wide
range: from the system with complete solid solubility (Cu-Au, Fe-Ni; for such
systems 3 = 1) to systems with co = 1072% (a-Fe-S, Ni-S, Cu-Bi; for them
B = 10% — 10%). It should be mentioned, however, that for systems with ex-
tremely low solubility in the solid state some side effects can interfere with
the segregation process.

A new point of view of this problem was recently suggested [37]. In this
work, the segregation of Bi at grain boundaries in polycrystalline Cu was
studied by the AES technique. The grain boundary segregation in Cu-Bi has
been treated previously in a number of experimental studies and by computer
simulation techniques [38]. The transition from intercrystalline to intracrys-
talline fracture, induced by an increase in temperature was associated with
the abrupt decrease of the grain boundary segregation of Bi, which can be de-

© 2010 by Taylor and Francis Group, LLC



46 1 Thermodynamics of Grain Boundaries

rived from an isotherm similar to the isotherms or (1.128), (1.130), (1.131) —
the Fowler-Guggenheim isotherm, (1.158) — the Frumkin isotherm. However,
in all previous works the question has been ignored whether the samples are
in a single- or in a two-phase region of the binary Cu-Bi phase diagram. Due
to this fact it is conceivable that the exact values of the solubility of Bi in the
bulk of solid Cu were unknown. Chang et al. [37] determined the solidus line
at the Cu-rich side of the Cu-Bi phase diagram precisely. Simultaneous AES
measurements showed that the abrupt decrease of grain boundary segrega-
tion of Bi during the increase of temperature occurred approximately at the
solidus temperature. Therefore, at low temperatures the Cu-Bi alloys were in
a two-phase state and the high grain boundary segregation of Bi can be ex-
plained by the precipitation of the Bi-rich phase at the grain boundaries. Such
precipitates can have the form of continuous planar layers, if the conditions
for complete wetting of the grain boundaries by the Bi-rich phase are fulfilled.
The thickness of the layer should be proportional to the supersaturation of
Bi. Extending this behavior to other binary systems one can state that in
systems with a low solubility of segregating impurities in the solid matrix the
degree of the supersaturation impurities is high, which leads to thick precip-
itation layers at the grain boundaries. This is an alternative approach to the
correlation of Hondros and Seah [36] (Fig. 1.9). It should be noted that the
thickness of the layer could be stabilized by an attractive interaction of two
interphase boundaries (see Sec. 1.3).

In which way is the segregation at grain boundaries associated with the
grain boundary structure? The experimental results obtained by direct meth-
ods of grain boundary segregation, essentially by AES and atom probe-field
ion microscopy, show that the segregation at grain boundaries is determined
by their structure. So, the data of segregation of Po at symmetrical (100) tilt
grain boundaries in alloys of Pb-5%Bi are shown in Fig. 1.10 [39]. The abrupt
increase of segregation in the vicinity of misorientation angles of ~ 15° cor-
responds to the transition from low-angle to high-angle grain boundaries. In
Fig. 1.11 the dependence on misorientation of the enthalpy of segregation of
carbon (C), phosphorus (P) and silicon (Si) at symmetrical (100) tilt grain
boundaries in bicrystals of Fe-3.5%Si is shown [40]. It is easy to see that the
observed minima of the curves relates to special misorientations. Fig. 1.12
gives the misorientation dependence of the segregation of Re at (011) twist
grain boundaries in a W-25%Re alloy [41].

The sharp minima of the segregation of Re were discovered at a grain
boundary of the special misorientation 3. It should be stressed that other
special misorientations do not show particular minima of segregation [42, 43].
This can be explained by the assumption that the adsorption capacity of twist
grain boundaries is lower than that of tilt grain boundaries. It was shown ex-
perimentally that the zone of adsorption is narrow enough [43, 44], so most
of the adsorbed material is disposed in the “core” of the grain boundary;
nevertheless, a small part of it is located outside the enriched layer [43]. Re-
cent results of computer simulations suggest that segregation is determined
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FIGURE 1.9

Correlation of measured grain boundary enrichment ratios with the atomic
solid solubility. The points denoted by stars represent measurements published
since the first correlation was made [36].
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FIGURE 1.10

Orientation dependence of Po segregation at (100) symmetrical tilt grain
boundaries in bicrystals of a Pb-5%Bi alloy [39].

60
5 40
£
2
%_
T 20
0 n
0 15 30 45 60 75 90
9° [100]
FIGURE 1.11

Dependences of segregation enthalpies AH; (I = C, P, Si) on the misorienta-
tion angle ¢ of both adjacent crystals in (100) symmetrical tilt bicrystals of
an Fe-3.5 at % Si alloy [40].
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by the grain boundary structure [38], [45]—[48]. Monte-Carlo simulations re-
vealed that in Pt-3%N alloys the segregation at the Y5 boundary can be
described successfully [42]. Further Monte-Carlo simulations indicate the mag-
nitude of how impurity atoms fill the grain boundary. So, first the cores of
grain boundary dislocations are filled and then the remaining grain boundary
sites. Monte-Carlo simulations make clear the segregation behavior of twist
grain boundaries and predict an increase of segregation with an increase of
the angle of misorientation [47, 48].

Beyond any doubt, the construction of a grain boundary segregation dia-
gram constitutes a real success of theory and experiment [49]. Fig. 1.13 demon-
strates the 3D diagram of the enthalpy of grain boundary segregation of P
in a-Fe as a function of the angles of misorientation and inclination (with
respect to the symmetrical position) [50].

It should be pointed out that the comparison of theory and experiment of
grain boundary segregation has been a problem. The crucial point is that the
success of such a reference depends on whether there is a sole parameter with
respect to which the reference can be accomplished. As noted in [34], such a
reference can be constructed on the basis of the theory of the structural units.
There are two essential objections to this method. First, the structural units
are known for only a small number of grain boundaries. Second, there is not
a sole parameter which can be compared by experiment and theoretical cal-
culations. Therefore, the relationship between structure and segregation can
be judged by the special misorientation (¥), the correlation with the aver-
age interplanar spacing of the lattice planes running parallel to the boundary
li.e. d = 1/2d{dy(hkl) + da(hkl)}]. The first well-known attempt to perform
a direct comparison between the experiment and the computer-simulated seg-
regation picture for the grain boundary 33 (111) in the system Cu-Bi belongs
to Luzzi et al. [51, 52] (Fig. 1.14). The HREM image of segregated Bi at a
specific grain boundary in Cu was compared with the computer simulated
structure, and good agreement between experiment and computer model was
found. Taking into account the circumstances, mentioned above, associated
with the wetting of grain boundaries in Cu by Bi, the comparison of Bi seg-
regation at grain boundaries in Cu seems to be not as ambiguous as it was
represented in [52].

Next we would like to stress that there is a crucial discrepancy between
the experimental and the theoretical approach. As mentioned in [34] the the-
oretical modeling is most commonly based on the study of simple (from the
theoretical point of view) systems and simple grain boundaries. For instance,
the solution of two metallic elements of a similar electronic structure such as
Au-Ag, Cu-Ag was considered. As is well known, such similarity leads to a
continuous solubility in the solid. Contrary to the theoretical approach, ex-
perimentators choose systems with high segregation of one of the components
and with embrittlement of grain boundaries, which is of vital importance.
These conditions fit systems with an extremely small solubility of one of the
components. That is why the good agreement is so encouraging between the
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Enrichment factor vs. misorientation angle [41].
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FIGURE 1.13
Dependence of segregation enthalpy of phosphorus in 6-Fe, AH? on boundary

misorientation angle ¢ and inclination © with respect to symmetrical tilt
boundary (STGB) [50].
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FIGURE 1.14
Dependence of the effective interplanar spacing deg/b for (100) tilt grain

boundaries on the misorientation angle ¢ and inclination © with respect to
symmetrical boundary (STGB) (Cu-Bi) [51, 52].

experimental and theoretical values of the segregation energy for phosphorus
(0.138 eV and 0.15 eV, respectively) and for silicon (0.09 eV and 0.10 eV,
respectively), at the special ¥5 (100) (36.9°) symmetrical tilt grain bound-
ary [34, 53, 54]. This success should not be overestimated: for P in a-iron the
predicted values of segregation energy vary within wide limits: from 0.8 to
2.25 eV as compared to experiments: ~0.22 — 0.4 eV [34, 55, 56].

The last question we promised to consider in this chapter is how the grain
boundary structure is determined by impurity segregation. Actually, the de-
scription of grain boundary (generally, interface) segregation as a distribution
of impurity atoms between a certain number of active segregation sites is a
model. In reality, the structure of the interface is a function of the nature and
amount of impurity atoms in it; in other words, the segregated atoms should
change the structure of the interface, and in turn the structure of the interface
should determine the number of possible adsorbed atoms and their adsorption
characteristics. Inspite of the first steps in this direction were made almost 15
years ago by Sutton, Lundberg and Srolovitz [35], [57]-[59], it is too early to
talk about the definite results.

The next problem we would like to consider is which types of isotherms of
segregation discussed above apply to grain boundary segregation. The first
who pointed out that grain boundary segregation can be described on the ba-
sis of the classical theory of interface phenomena were supposedly Mehl [60]
and Stout [21]. The term “intercrystalline adsorption” was introduced by
Arharov [61].

The Gibbs equation (1.50), which connects the change of the surface tension
with the variations in temperature, pressure and chemical potentials of the
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bulk phases, is true for any surface which is in equilibrium with the volumes
subdivided by it. At constant T and V, Eq. (1.50) can be transformed into
the relation (1.53):

r— ( Oy ) (1.160)
Opi T.V,S

The Gibbs equation in the form of Eq. (1.169) and in its simplest form (Eq.
(1.60)) may be used to determine the grain boundary adsorption (segrega-
tion). It was implemented for the grain boundary segregation by Hondros and
Seah [36, 62, 63]: P in v-Fe, Sn, Si and S in é-iron. Even for a binary solution
this is not a very easy measurement. But actually the crucial point is not the
difficulty of experiment and calculation, but rather to understand which law
governs grain boundary segregation.

The Langmuir-Zhuchovitskii-McLean isotherm (Egs. (1.152),(1.153)) [23]
was historically the first isotherm of surface adsorption which was applied to
explain the concentration dependence of grain boundary segregation. Exam-
ples of systems described successfully by this isotherm are: P in a-Fe [64], In
in Ni [65].

The isotherm of multilayer adsorption (Egs. (1.165)—(1.167)) was also used
to describe experimental data [36, 66]. This isotherm was first put forward by
Brunauer, Emmet and Teller (BET) [67] to explain the gas adsorption at a
free surface in a close vicinity of the condensation point: C' — Cpy; I' — oc.
The “infinite” adsorption in this case physically means condensation, i.e. the
formation of a liquid film. Similarly, an “infinite” segregation at grain bound-
aries indicates the formation of a new phase or at least the pre-precipitate
stage. The grain boundary segregation of tin, sulfur, phosphorus and anti-
mony in iron and nickel [36, 63, 66] was explained on a basis of a multilayer
grain boundary segregation.

An important feature of the adsorption isotherms, mentioned above, is that
the physical act of adsorption is independent of the degree of filling of the
adsorbed layer (of the number of atoms, which have been adsorbed before); in
other words, these isotherms do not take into account the interaction between
the adsorbed atoms. This type of isotherm was considered above (Eqs. (1.128)—
(1.133)). One of the “isotherms with interaction,” the Fowler-Guggenheim
isotherm (Eq. (1.131)), was repeatedly applied to different systems to explain
the peculiarities of adsorption (segregation) behavior (selenium and tellurium
in a-iron [66], Bi in Cu [68], and antimony in a-iron [69]).

1.3.2 Grain Boundary Surface Tension

Unfortunately, direct experimental investigation of boundary adsorption is
only possible in a very few systems. In this case the only way to calculate the
equilibrium grain boundary segregation I'; is to use the Gibbs equation (1.57)
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FIGURE 1.15

Methods of grain boundary surface tension measurement: (a) equilibrium an-
gles at triple function; (b) rotating ball method: sintering of small signal crys-
tal balls to single crystal substrate; (c¢) thermal groove method; (d) zero-creep
method; (e) method of a “floating” wedge; (f) hypothetical method of an
“equilibrium” grain boundary thermal groove; (g) balance of grain boundary
surface tension and volume diving force.

and to relate it to macroscopic parameters such as the grain boundary surface
tension v and the chemical potentials p; of the components in the grain. In
this case the surface tension of the grain boundary should be measured for a
number of alloys and preferably at different temperatures. Let us consider the
— unfortunately few — experimental methods, which give us an opportunity
to measure the grain boundary surface tension. A brief summary of different
schemes of the measurement of grain boundary surface tension is shown in
Fig. 1.15 [70].

The first method can be called the triple junction method [71, 72] (Fig.
1.15a). If there is a mechanical equilibrium at the triple junction and the grain
boundary surface tensions do not depend on the orientation of the boundaries,
the relation between the surface tension of different boundaries can be found
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from Young’s theorem:

oo _ 2 (1.170)
sin a; sin as  sin ag '

where «; indicates the contact angles opposite to ;. If the surface tensions
of the grain boundaries depend on their orientation, the dependency 9v;/00;
should be taken into account where © is the inclination of the boundary with
regard to a reference plane [73]. These terms are associated with the forces
which tend to rotate the boundary into the position with minimum energy;
according to Herring [73]

gi! _
(14 &3 — e3)sinay + (€3 — 1) cosa;
72
(14 &1 —€3) sinag + (1 — £3) cosas ( )
73

(14 &1 —e2)sinag + (g2 — €3) cosas
where g; = 8819117 T denotes the dependence of the grain boundary surface ten-
sion on grain boundary orientation. These ¢; are referred to as torque terms.

The influence of the torque terms is important in the vicinity of special mis-
orientations (see Chapter 2). For random grain boundaries and far from special
misorientations the values of (9v;/90;) are small enough and Eq. (1.170) gives
a reasonable approximation.

This method was used in many experimental investigations [74]-[76]. It is
especially suitable for grown tricrystals, where two grain boundaries have the
same misorientation and the surface tension of the third can be calculated, or
when the observation of the change of the surface tension of the third grain
boundary is the main purpose of investigation (Fig. 1.16). Such experiments
make it possible to compare the surface tensions of different grain bound-
aries, or grain boundaries with different orientation in the same material. It
was shown, in particular, that the minima of the misorientation dependence
of the grain boundary surface tension correlate with special misorientations
in the coincidence site lattice theory (see Chapter 2).

Another relative method of investigation of the grain boundary surface ten-
sion was proposed by Wilson and Shewmon [77] and was applied in many
experimental studies [78]-[80]. If a number of small single-crystal balls would
be put on a single-crystal substrate of the same material at diffusion temper-
ature, they then would rotate during sintering to the substrate to decrease
the surface tension of the newly formed grain boundary. The main condition
for the proper conduct of the experiment is: the misorientation dependence
of the grain boundary surface tension must have singularities, sharp minima
with a discontinuity of the derivative of the surface tension with respect to
misorientation angle «, but not a usual minimum as mentioned in [35] (Fig.
1.15b). As the driving force of the rotation of the balls is proportional to the
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FIGURE 1.16
Sequential junction position during measurement of temperature dependence
of y1/7.

derivative (0v/00), the driving force is kept up in the case of a singular dis-
continuity until the balls reach the minimum energy position, whereas for a
usual minimum the derivative — the driving force for rotation — tends to zero
with the misorientation angle tending to the special misorientation. Fig. 1.17
[81] gives an example of the positions at special misorientations as estimated
by the method (Fig. 1.15b) discussed in [77].

To determine the absolute value of the grain boundary surface tension,
the tension of the reference surface must be known. For a known tension of
the free surface we can determine the grain boundary surface tension from
the equilibrium of the surface tensions at the root of a thermal groove (Fig.
1.15¢). Unfortunately, there are only few methods to determine the tension of
a free surface of the crystal.

One of them is the method of zero creep [82] (Fig. 1.15d). Let us imagine a
wire of small diameter D or a thin foil with perimeter 7w - D which is loaded
with a weight P at diffusional creep temperatures. The free energy of the wire
(or foil) can be defined as

F =P, +~°nDL (1.172)

where x is the coordinate of the weight P relative to the arbitrary point on
the normal to the earth surface, L is the length of the wire, «° is the surface
tension of the free surface of the wire. The equilibrium (§F = 0) corresponds
to such changes of z and length which compensate each other. Taking into
account that 6, = — §L, we get

oF
- =Py —~%1D = 1.17
<ax)r—0 0 T 0 ( 3)
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FIGURE 1.17

Corresponding sections through the pole figures of two specimen (1 and 2)
of the same type, demonstrating the reproducibility of the method used to
identify low energy boundaries. Both curves show similar peaks of diffracted
X-ray intensity at identical orientations [81].
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and v* = Py/mD, where P, is the so-called zero-creep weight.

A more correct description takes into account the area of the grain bound-
aries and their shape [83]-[85]. Evidently, the value of the free surface tension
determined in this way is averaged over a large number of crystallographic
planes.

The method of “float wedge,” put forward and realized for the first (and
the last) time by Shewmon, is free of the disadvantages mentioned above. The
scheme is given in Fig. 1.15e. The sharp hard wedge, which is not wetted by
the tested metal, is pressed to its surface by a known force P at diffusion
temperature. A groove which is similar to the thermal groove of the grain
boundary will form under the wedge. As we know the force acting on the tip
of the groove from the side of the wedge, we can calculate the surface tension
of the free surface, if the dihedral angle is measured. If, as shown in Fig. 1.15e,
a grain boundary comes to the same surface, the surface tension of the grain
boundary is equal to

_ P sin 0,

= - S0 1.174
7= Lsmno, (1.174)

where L is the length of the wedge perpendicular to the plane of Fig. 1.15e.

Admittedly, the described method has not been used and developed in the
30 years since the Shewmon paper was published. Apparently, this method is
extremely laborious, the main reason that it has fallen into oblivion.

The principle of another method to determine the absolute value of the sur-
face tension of both the free surface and a grain boundary meeting this surface
is given in Fig. 1.15f [70]. A plate of a material, which is not wetted by the
tested metal, is placed on the smooth flat surface of the sample. (Graphite
is not wetted by many metals, like Cu, Au and so on.) The grain boundary
intersects the surface of the sample as well.

Under these conditions the groove will not grow unlimitedly, as would hap-
pen at the free surface. The growth of the groove will stop the sooner the
larger the load, comprised by the plate on the surface, i.e. as soon as the
excess chemical potential of the atoms at the curved surface of the groove,
which is v°Q, /R (£, is the atomic volume), becomes equal to the increase of
the chemical potential which is caused by the pressure of the plate: pQ,/ A (fl
is the contact area under the plate). Then the surface tension of the external
surface of the crystal is v* = pR/ A, and the grain boundary surface tension
can be determined from the dihedral angle at the root of the groove. Never-
theless, this method, which may be called the method of equilibrium groove,
has not yet been realized.

Let us use this opportunity to consider the question of how large the ther-
mal groove of the grain boundary could get under terrestrial conditions. The
development of the thermal groove will stop if the hydrostatic (capillary) pres-
sure which results from the curvature of the groove equals the gravitational
force:

v*/R = pgh (1.175)
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where h is the depth of the groove, and p is the density of the metal.
Assuming h = R, we get

~ | (1.176)

The expression under the root sign is known as the capillary constant. For val-
ues which are typical for metals, the limiting value of the radius of curvature
R, i.e. for the depth of the thermal groove h, is approximately ~0.3 cm. Of
course, it is impossible to obtain such a groove in a reasonable time. Usually,
the depth of the thermal groove does not exceed some ten micrometers, and
this result is important for us, less from the general point of view than for
pragmatic reasons.

We discussed above that the grain boundary is a degenerate kind of in-
terphase, and if an external tensorial field is applied to the system, the de-
generation will be removed and, from the thermodynamical standpoint, the
grain boundary can be described as an interphase. This provides a method
to measure the absolute value of the grain boundary surface tension. If an
external field is applied to a system with a grain boundary, which is locked at
the surface of the sample, a difference in the specific free energies of the grains
will arise (g2 — ¢1); due to this difference the initially flat grain boundary will
bend like a membrane under the pressure. In this case the grain boundary
surface tension can be estimated as (Fig. 1.15g)

v =R(92— 1) (1.177)

The difference in the specific free energies of the grains (g2 — g1) should be
large enough, otherwise the radius of grain boundary curvature R will be too
large to be measured with sufficient accuracy. Such a scheme, as can be seen,
provides a unique opportunity to determine the absolute value of grain bound-
ary surface tension. Firstly, this method was applied to the measurement in
polycrystalline Bi in a magnetic field [86], and, quite recently, to the grain
boundary in bicrystals of Bi in a magnetic field [87].

The modern techniques of determination of the chemical content of surface
layers in solids together with the thermodynamics of surfaces suggest a new
method of “experimental calculation” of the surface tension of free surfaces
of solid alloys [88]. As shown in [89], modern methods like low-energy ion-ion
scattering permits us to determine the content of a surface monolayer. Hence,
the surface tension of a free surface can be estimated by integrating the Gibbs
adsorption equation. This method, together with the determination of the
dihedral angle at the root of the grain boundary groove, holds considerable
promise for the study of grain boundary and interface phenomena in metals
and alloys.
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FIGURE 1.18
Dependence of grain boundary surface tension in Cu-Au on (atomic) Cu con-
centration [90].

1.3.3 Examples

In the following we will show how to determine grain boundary segregation
and how to obtain an estimation of the activity of the atoms in the boundary
solution in the event that the dependence of the grain boundary surface ten-
sion on the concentration has been measured, using the example of the binary
system Cu-Au [90]. The point is that there is very little information about
the isotherms of the surface tensions. Even if the dependence of the surface
tension on composition is known, it is only over a very narrow range of con-
centrations. Moreover, the isotherms of the activities (chemical potentials) of
the components usually are not known, and without sufficient evidence the
conclusion is drawn that the solutions are dilute.

There appear to be only two studies in which the surface tension of grain
boundaries has been measured for the entire range of concentration, namely
of the systems Cu-Au and Cu-Ni [24, 91], and there are isotherms of the bulk
activities of both components for these systems. For the system Cu-Au the
surface tension was determined by the zero-creep technique, while for the sys-
tem Cu-Ni the technique described above was applied using the measurement
of the chemistry of the surface monolayer and the Gibbs adsorption equa-
tion [88, 89, 91]. Because the method of thermodynamic treatment of grain
boundaries considered above (Eqgs.(1.82)—(1.116)) was first applied to the sys-
tem Cu-Au [24], the explanation of how this method works in detail will be
given using this system as an example.

The experimentally determined dependence of the grain boundary surface
tension on the atomic fraction of Cu in the system Cu-Au is depicted in Fig.
1.18. The grain boundary surface tension v was determined at 1123 K by
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measuring the equilibrium angle at the root of a thermal groove:
cos ©/2 =/2v° (1.178)

where ~* is the surface tension of the free surface was determined by the
zero-creep technique at the same temperature (Fig. 1.18). The isotherms for
the activities a; of Cu-Au components at 800 K were taken from reference
books [92, 93] and converted to 1123 K using the equation

(9 In a; AFZ

oT  RT

assuming that the partial molar enthalpy of dissolution of the i-th component
AH; does not depend on temperature in the range from 800 to 1123 K.

We would like to reiterate once again that the model of a homogeneous grain
boundary used in Eqgs.(1.82)—(1.116) and taken as a basis for the calculations
in [24, 90] coincides with the model for the surface layer of Guggenheim and
Adam [8]. The same model was used by Zhuchovitskii in his theory of sur-
face solutions [25]. Zhuchovitskii treated a surface layer as a two-dimensional
solution with its own thermodynamic properties and in equilibrium with a

volume solution. The dependence of the surface tension on composition in
such a system is defined by Eqs.(1.93)—(1.105):

(1.179)

v—7v =zRT Inaj/a;

where z is the total number of adsorption centers in a unit boundary area; z
is assumed to be independent of composition. In our notation z = Ap®. The
combined solution of Eqs.(1.103)—(1.104) and the Gibbs equation in the form

zRT[Cy dIna; + (1 —CY)d In as] = —dy (1.180)

provides a means for obtaining the activity isotherm of each component of a
binary surface (boundary) solution: af (Cf). But if the adsorption isotherm
I} is calculated, then the composition of the surface solution N7 can be found
from Eq. (1.115)

D =2(C - Cy)

The relation between the activities of the components in surface and volume
solutions according to Zhuchovitskii (Eq. (1.97)) is given by

G _ 0 (22

a3  as P\ 2Rt
where, obviously, (72 —71)/2 means the heat of adsorption, which is a constant
in the discussed model.

Eqgs.(1.103)—(1.105) can be generalized to the case of several “types of sites”
at the grain boundary [24]:

a’
—~; =RT In (22£ 1.181
Y= zk:zk n <a> (1.181)

T
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FIGURE 1.19
Isotherm of Cu adsorption on grain boundaries in Cu-Au at 850°C [24].

ajy ai
—% = | — ] exp(qx/kT) (1.182)
Ao as

where zj is the number of sites of the k-th type, af, and g; are the activity
and heat of adsorption of the component 7 in a site k£ of the grain boundary.
The adsorption of the i-th component is given by

Ty=> (Co—Ci) (1.183)

k

C3, is the atomic fraction of the component 4 in a site k of the grain boundary
(Ch + O3 =1).

The boundary adsorption was calculated from Eq. (1.53) due to the fact
that dy; = RT d In a; and T'y,, +I';,, = 0. Using the Gibbs-Duhem equa-
tion the value of I';,,, can be calculated from either acy, (¢1) or aay (¢1). The
isotherm of the boundary adsorption of copper I'cy, (c1) is given in Fig. 1.19.
The dependence IV (¢;) is oscillating because of the minimum of the curve of
7 (c1).

The experimental data, given above, were treated thermodynamically in
[24], modifying the model until a reasonable agreement between experiment
and calculation is reached. So, for the Langmuir adsorption and a non-ideal
bulk solution (v; = a;/C;. ¢ = g+ RT In~y;/72) we have

ed /RT _q

c1et/RT — ¢ 41

IM=za1(1—c1) (1.184)

It is evident from the equation that Iy has the same sign as ¢’. As can
be seen from Eq. (1.184), the dependence v (¢1) must have a maximum. Since
the experimentally determined dependence 7y (/V7) is quite different, this model
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FIGURE 1.20
Isotherm of Cu adsorption on grain boundaries in system Cu-Ni at 950°C [91].

cannot explain the behavior of grain boundary surface tension.

The model of an inhomogeneous non-ideal solution for two types of sites
at the boundary leads to unreasonably large values for the heat of adsorption
for both types of sites:

q1%—4eV, q2%4eV

Finally, the authors of [24] came to the conclusion that the best agreement
between experiment and calculations was observed for a homogeneous bound-
ary and a non-ideal boundary solution.

The same result was obtained for grain boundary solutions in the binary
system Cu-Ni [91]. Contrary to the system Cu-Au, the boundary solution is
enriched by copper for all concentrations of the alloy (Fig. 1.20).

In general, systems with an unlimited solubility in the solid are exceptions.
By far the majority of them are systems with a limited, and furthermore
with a small, solubility. These systems have been our main interest inasmuch
as all effects associated with the grain boundary adsorption clearly manifest
themselves in these systems. The alloys Fe-P, Fe-S, Mo-C and others in which
extremely small amounts of the second component drastically change the me-
chanical properties belong just to such a class of systems. The analysis of
the thermodynamics of adsorption in the systems with limited solubility in
the solid is given in [94]. Inasmuch as for systems with a narrow interval of
solubility the thermodynamics of the bulk solution is unknown as a rule, the
information regarding the properties of the grain boundary solution necessar-
ily has to be extracted from the properties of the solvent and the dependence
of the grain boundary surface tension on concentration. The expressions for
the chemical potential of the solvent (u1) and the solute (u2) with regard to
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the corrections to the equations for ideal solutions up to square terms are
adaptable both for the bulk and the grain boundary solutions [94]:

p1 = pio+ kT In (1 —¢) +ec? (1.185)

2 = (po0 +€) + kT In ¢+ 3(1 — ¢)? (1.186)

where € is a parameter, which can be described as a heat of mixing, though it
can include entropy terms, which are absent in the classical theory of regular
solutions.

Introducing the thermodynamic activities

M = ,ul-o_,_kT ln a; (1187)

we can determine the thermodynamic characteristics of the boundary solution
from the dependence «(c), Egs. (1.85) and (1.103)—(1.104), (1.116). Actually,

I 1 ai
=] 1
kT ¢ n1 —cs

(1.188)

The boundary activity af can be found from Eq. (1.103), and the boundary
concentration ¢s from Eq. (1.116).

In accordance with the Gibbs adsorption equation and the Gibbs-Duhem
equation the component concentration of the adsorption can be represented
as
Ov/0c  0vy/0c
Oz /0c caul/ac

(The adsorption capacity z enters into these equations as a parameter.)

It is reasonable for systems with a very narrow interval of solubility to
consider the values of the thermodynamic characteristics of the boundary
solution at ¢ — 0. In this case the “heat of mixing” € and the heat of adsorption
q take the form

Iy=—(1-c¢) (1.189)

o o (l-20y) -1 [a’y” —a? (7’)2}
e _ 2 (1.190)
k (1-ay)

q=kT In(1-ay") (1.191)

where ' = (87/0¢) _; 7" = (0°7/0c?) _y; @ = 1/(z KT); € is the “heat of
mixing” in the bulk solution.

So, for the determination of the main characteristics of the boundary phase
it is sufficient to know, apart from the data of the bulk solution thermody-
namics and the parameter z, the values of the first and second derivatives of
the grain boundary surface tension with respect to the impurity concentration
at ¢ =0.

In Fig. 1.21 the concentration dependencies of the grain boundary surface
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FIGURE 1.21
Concentration dependence of surface tension in S-Fe-P (o); Cu-Sb (e); Fe-
Sn(A) [94].

tension for the systems d-Fe-P, Cu-Sb and d-Fe-Sn [95] are presented. The au-
thors of [94] transformed the data to coordinates (v —+(0)) vs. ¢. The results
of the calculation of the heat of adsorption and the heat of mixing in the grain
boundary solution as a function of z are shown in Figs. 1.22 and 1.23. For
comparison the results of the discussed calculation for the system Cu-Au [24]
are shown too.

Of course, the value of the parameter z can only be determined from direct
microscopic experiments. A reasonable value of z, which was discussed above,
is apparently given by 2z¢ < z < 4z, where zq is the capacity of a monolayer.

Let us sum up our experience in consideration of the data of macroscopic
thermodynamic experiments. We have seen how the described scheme of ther-
modynamic analysis “works” in the case of grain boundaries, how it enables
us to obtain quantitative data regarding the interaction of the atoms in the
boundary solution from macroscopic measurements. However, the value of
the adsorption capacity of grain boundaries can be obtained from direct mi-
croscopic experiments, so in this case the thermodynamic and microscopic
investigations complement each other.

It would be very attractive to extract insight into the adsorption capacity
from model theories of the grain boundaries, but currently there is no way
to realize it. We conclude from the results that the heat of adsorption is rel-
atively small in systems with unlimited solubility in the solid (~0.05 eV for
Cu-Au and 0.02 eV for Cu-Ni), but the heat of mixing in the grain boundary
solution is close to its magnitude in the volume value (for example, for the
system Cu-Ni 0.13 and 0.11 eV, respectively) for all reasonable values of z.
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FIGURE 1.22
Calculated heat of adsorption on grain boundaries in Cu-Sb (1); 6-Fe-Sn (2);
d-Fe-P (3); Cu-Au (4) as a function of the adsorption capacity z.
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FIGURE 1.23

Calculated heat of mixing of grain boundary solution in -Fe-Sn (a):(1) é-Fe-P
(2); Cu-Sb (3) and Cu-Au; (b) as a function of the adsorption capacity z.
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The situation is quite different in systems with a narrow solubility range.
Here the heat of adsorption is high (~0.7-0.9 eV), and thus the surface solu-
tion ceases to be dilute even if the amount of impurities in the system is so
small that the bulk solution still can be considered as fully dilute. The values
of the heat of mixing in the surface layer, on the other hand, are small for all
reasonable values of the parameter z, even smaller than in systems with an
unlimited solubility in the solid (less than 0.1 eV).

1.3.4 Adsorption of Vacancies at Grain Boundaries

A crystal of a pure material is a single component system, by definition. On
the other hand, even in the ultra-pure material there is a defect, which may be
considered as an impurity. The case at hand is the vacancies. Usually, the con-
centration of vacancies in the crystal is rather small (even at the melting point
¢ ~ 10~% where ¢ is the equilibrium concentration of vacancies). However,
due to the adsorption, at grain boundaries the vacancy concentration and the
associated thermodynamical effects can be much higher. The salient feature
of vacancies as impurities should be taken into account. Contrary to ordinary
impurity atoms, the number N, of vacancies is determined by the minimum of
the free energy G of the crystal. So, for vacancies 0G/9ON,, = 0 at T, p = const.
Since (0G/ONy)z,, = v, Where 1, is the chemical potential of the vacancies,
the chemical potential of the vacancies in the equilibrium is zero. For dilute
solutions i, = poy + kT In ¢, since p, (T, c%?) = 0; pop, = —kT In ¢ and
ty =KkT In ¢,/ (c29).

So, in accordance with Eq. (1.50), the adsorption of equilibrium vacancies
does not change the thermodynamic properties of the grain boundary. The
situation changes if the concentration of vacancies in the crystal deviates from
equilibrium. Such a possibility has been discussed often in the literature. Ac-
tually, inasmuch as the formation and disappearance of vacancies do not occur
at regular lattice points, but require diffusion from sources or to sinks, a non-
equilibrium concentration of vacancies can be kept for a long time [96]. The
redistribution of vacancies over short distances proceeds much faster. That
is why a crystal can be obtained where a partial equilibrium between grain
boundaries or interphases has been established whereas the concentration of
vacancies in the crystal is not in equilibrium. Such a situation — high concen-
tration of excess vacancies, regarding the equilibrium concentration of course,
and their adsorption at the grain boundary — was considered in [96]. The re-
sult of such an adsorption can be a decrease of the grain boundary (generally,
interface) surface tension, which is essential for recrystallization, formation
of a new phase and so on. The relation between surface tension and vacancy
concentration is determined by the Gibbs adsorption equation, on the one
hand, and by one of the considered adsorption isotherms, on the other hand.
Of course in the case of vacancy adsorption at an internal interface each ad-
sorption site can be occupied by not more than one particle (vacancy). As a
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result we obtain an equation where the left-hand side is the Gibbs equation
for the dilute solution, while the right-hand side is the Langmuir isotherm [96]
_Gwdy  zBo (1.192)
kT de, 14+ B ¢,
where ¢, is the vacancy concentration, B = (c5), / (¢§)pu = Bo exp(U/kT) is
the adsorption constant, (c), and (c§),,,, are the solubility of vacancies at the
boundary and in the bulk, respectively, i.e. the equilibrium concentration of
vacancies in these parts of the crystal. Bearing in mind that (cf), and (¢5)y,
are the equilibrium thermal vacancy concentration for a given temperature in
the grain boundary and the bulk, respectively, we obtain from Eq. (1.192) by
integration

(1.193)

1+ Be,
¥ — = —z kT ln( + De )

L+ B () yur

where 7 is the equilibrium grain boundary surface tension.

It is evident from Eq. (1.193) that any increase in vacancy concentration
of the sample to a level above equilibrium (which is maintained for a time
necessary to establish the equilibrium between grain boundary and bulk) re-
sults in a decrease of the free energy of the boundary. The estimation used in
[96] shows that an oversaturation of the sample by vacancies by ¢, /c = 105,
which corresponds to quenching an aluminum sample from 900 K to room
temperature, reduces the grain boundary surface tension by ~0.15 J/m?2. In
[97] this problem was considered from a general thermodynamic viewpoint. It
was shown that the equilibrium grain boundary surface tension 7, in a system
with vacancies is given by

kT e ’Ylj e
Yo =" — jln {1 — (€5)purr + €xp (ﬁ) (cv)b} (1.194)

where 71 is the surface tension of a grain boundary in a sample without

vacancies and A is the partial area of the first component (matrix) in the
boundary.

If the entropy part of the free energy of vacancy formation is small enough,
then Eq. (1.194) can be simplified to

kT A-Hb
Yo g’yl — :~1n{1+ exp <_P)/1 U)} (1195)
A kT

where H? is the enthalpy of vacancy formation in the bulk of the sample on
the grain boundary.

If the exponential term is much smaller than one, the vacancy relaxation
does not give any noticeable contribution to the grain boundary free energy.
Certainly we are not able to estimate accurately the numerator in the expo-
nent by thermodynamical means, but it can be shown that it is close to zero
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[97]. An interesting corollary to this part of the discussion arises from further
simplifying Eq. (1.194)

KT (1A H
Wogvl_j{%_ﬁ} (1.196)

This means that if the vacancy concentration of the system is at equilibrium
level, the grain boundary surface tension is determined by the enthalpy of
vacancy formation alone. It was shown in [96, 97] also that the contribution
of the vacancy concentration to the temperature dependence of the grain
boundary surface tension is negligibly small.

This analysis of the influence of vacancies on the surface properties of defects
in solids is fairly general and applicable to a variety of defects, such as grain
boundaries, phase boundaries, dislocations, etc. Until now the studies of the
influence of vacancies on the behavior of defects have mainly focused on the
purely kinetic aspect of the effect, e.g. on the fact that an increase in vacancy
concentration accelerates diffusion processes. We can see that there is also
another aspect of this problem, and that is the reduction of the free surface
energy due to the equilibrium adsorption of non-equilibrium vacancies.

The behavior of vacancies in an external stress field imposed on a system
by rotary motion was considered in [97]. A practical application might be a
running turbine blade. The distribution of vacancies across the sample can be
expressed by

. —-H, — 1 2R2
Cy = exp <%> exp <( kQme )> (1.197)

where S,,, H, are the entropy and enthalpy of vacancy formation, respectively,
m is the mass of the atoms in the system, w is the angular velocity and R is the
radius of rotation of a given point in the sample. As can be shown, the chemical
potential of the atoms must be kept constant for any part of the system during
angular motion. But Eq. (1.197) indicates that N, decreases with the radial
distance R from the rotation axis. The formula (1.197), nevertheless, describes
the equilibrium concentration of vacancies in an external field, created by
angular motion.

Consideration of Eq. (1.53) shows that if the concentration of impurities,
particularly vacancies, varies across the sample but the chemical potential
is constant, then the adsorption will also be constant, even though the bulk
concentration is changing. It was mentioned in [97] that although the enthalpy
of vacancy formation H, changes moderately (~0.01 eV) the climb rate of
dislocation may be affected and, therefore, may influence the creep behavior
of a material.
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1.4 Applications of Grain Boundary Thermodynamics
1.4.1 Grain Boundary Phase Transitions

The problem of phase transitions at grain boundaries now attracts consid-
erable attention from scientists in solid state physics and materials science.
There are several reasons for this interest. Firstly, the progress in research in
the field of free surfaces stimulates investigations of grain boundaries. Phase
transformations at external surfaces of solids is a well-studied part of surface
science with its own theoretical and experimental base. Secondly, successes
in the theoretical description of grain boundaries, grain boundary thermody-
namics and the kinetics of processes at grain boundaries have spurred their
physical consideration and analysis. This is especially true with respect to the
progress in experimental techniques, in particular bicrystal techniques. Fur-
ther, the grain boundary phase transformations, by changing the structure of
the grain boundaries, modify some of their physical properties, in particular
the grain boundary mobility and the adsorption ability. Finally, the problem
of grain boundary phase transformations is of great practical importance. In
many cases grain boundaries determine the mechanical, chemical and electri-
cal properties of a polycrystal. An illustration of the keen interest in grain
boundary phase transitions is the number of review papers, dedicated to the
problem [98]-[100].

The problem of phase transitions at the grain boundary has been dealt with
for a long time. The fact that a grain boundary is a thin layer in a crystal with
properties which are essentially different from the bulk ones gives cause to ex-
pect some specific transitions. On the other hand, phase transitions which are
inherent in the bulk of the crystal might occur at grain boundaries at dif-
ferent magnitudes of the thermodynamic parameters (temperature, pressure,
concentration, etc.).

Since the grain boundary symmetry is significantly lower than that of the
crystal phase transitions at grain boundaries accompanied by a formation
of dissolved interlayers near the boundary (or replacing) are likely to occur.
Grain boundary melting is a most interesting phenomenon among many tran-
sitions and historically the first kind of grain boundary phase transition the
existence of which was searched for experimentally and discussed theoreti-
cally [98, 99].

1.4.1.1 Is Grain Boundary Melting Possible?

Grain boundary melting implies that the grain boundary consists of melt,
whereas the bulk of the adjacent grains is solid. It is presumed that a ther-
modynamic effect is responsible, inasmuch as we try to exclude kinetic factors
from consideration. Sometimes, grain boundary melting is confused with a
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lowering of the melting point by AT of a polycrystal due to the presence of
grain boundaries.

As early as 1957 P. Shewmon came to recognize that the melting of a grain
boundary at a temperature different from the bulk melting point is impossi-
ble [101]. If the grain boundary is in equilibrium with the bulk the chemical
potentials of the atoms (both of matrix and solute) at the grain boundary u?
must be equal to the chemical potentials of the atoms u; in the bulk.

The melting point, by definition, is the point of equality of the chemical
potentials of crystal and liquid, which is why the grain boundary should melt
simultaneously with the bulk of the crystal. Equilibrium effects (segregation
of solute atoms, vacancies) cannot change this result.

Nevertheless, not all scientists were convinced by the thermodynamically
clear conclusions of Shewmon. Li [102] proposed a thermodynamic cycle in
accordance with which the grain boundary transforms into liquid at a tem-
perature below the melting point. In accordance with Li’s approach the grain
boundary is considered as a strongly “deformed” layer of perfect crystal. Be-
cause of this, the melting temperature of such a “deformed” or “strained”
crystal must be lower than the one of the perfect crystal. As an illustration
Li considered a thermodynamic cycle 1-5, the final result of which is a liquid
phase 5. The liquid phase is reached by the melting of the perfect crystal from
one side, and by grain boundary melting from the other side (see the diagram
on the next page). Ssolia and Siquia are the entropies of the solid with a perfect
structure and the liquid, respectively.

Since

AGL + AGy + AGs + AG4 =0 (1198)

the decrease of the melting temperature AT in accordance with Li is equal to
(1.199)

AG ger _ AGger

AT =
Sliquid - Ssolid q

T (1.199)

where ¢ is the latent heat of fusion and T, is the melting point of a perfect
single crystal.

Nonetheless, the question put forward by Shewmon still remains unan-
swered: if the grain boundary is in equilibrium with the bulk of the crystal,
its transformation into the liquid phase at a temperature below the melting
point of the perfect crystal means that at this temperature (7p) the crystal is
in equilibrium with its own melt, which, in turn, signifies that at T = Ty < T,
the relationy!™ > 5ol holds.

How does all of this fit into the thermodynamic scheme of Shewmon? Cau-
tion must be exercised in reducing equations from thermodynamic cycles. One
of J.W. Gibbs’ students recollected that Gibbs once had confused him with
the derivation of the Carnot cycle. With the restrictions imposed by Li-the
boundary of constant volume is formed by elastic deformation of the perfect
crystal — equilibrium is possible if the chemical potentials of the atoms in
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the bulk and at the grain boundary are equal:

w (p*T) = pn(p,T) (1.200)

As this takes place, the pressure in the bulk of the crystal differs from the
pressure at the grain boundary. Actually, the deformed crystal can be “con-
fined” only if a definite pressure is applied. The grains in a bicrystal play the
role of a source of pressure with respect to the grain boundary; p® = p + po.
(The material inside the grain boundary is stretched and p — 0 is negative:
po < 0.) The conditions for an equilibrium will not be violated if we remove
one of the grains and apply instead the corresponding pressure p:

p’Vi=u(p,T)—p’ (p,T) (1.201)

where V* is the specific volume of the material inside the grain boundary.

The situation when two phases in equilibrium occur under different pressure
is not very rare in thermodynamics. The droplet in an oversaturated vapor
or small piece of solid in an oversaturated liquid can be cited as an example
of a situation mentioned, when the droplet or solid particle is under higher
pressure than the surrounding medium. The osmotic pressure, no doubt, is
one of the most important effects in this series of similar phenomena (see
Appendix A).

The difference in the chemical potentials in the right-hand side of (1.201)
constitutes the work of deformation (with an opposite sign) for an isothermal
transition from the perfect lattice to the grain boundary in Li’s cycle as AG ey
(AGs in the scheme of the cycle). At grain boundary melting AG3 does not
vanish, as it was reasoned by Li, but is equal to pV*® [103]

AGg = pSVS = —AGdcf (1202)
Correspondingly, the temperature of melting for grain boundary is equal to:

Ty =T, + 2Gat + 80 _ (1.203)

S]iquid - Ssolid

The change of the grain boundary melting point is given by Li’s expression

(1.199). Let us try to derive this relationship under the repeatedly mentioned

assumption of the equality of the chemical potentials at the grain boundary

and in the bulk. The introduction of a grain boundary into the single crystal
changes the chemical potential of its atoms by du

AGqef

~ (1.204)

B —p=dp=
where N is the number of atoms in the former single crystal.

Let us consider the differences between the chemical potentials of the atoms
in the perfect crystal (u), in the “deformed” one p® (in the bicrystal) and in
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the liquid (u”) (in the melt of the mentioned crystal), respectively. Expanding
these differences into a series with respect to the temperature in the vicinity
of the melting point of the perfect crystal (T,,) and of the crystal with a
grain boundary (Tp), respectively, and restricting ourselves to the first term,
we obtain:

] _ L
M_ML:(M_ML)TM+ % AT + .. (1.205)
Tnl
o s __ ., L
Wit = (0 — ) g + % AT + .. (1.206)
To

where AT and AT’ is the temperature deviation from the melting point T},
and Tp, respectively.

Let us consider the difference of the relationships (1.205) and (1.206) at the
temperature T = Tj:

po—p= =)y = (w—pt)y +

9 (p* — ") 9 (1 —u")

! j—
or AT or

To

+ AT + .. (1.207)

T

By definition, the terms (us — ML)TO’ (u — uL)T on the right-hand side are
equal to zero. The term [8us —ut/ GT} T AT’ is also equal to zero, because
at T = Ty we have AT’ = 0. So we come to the relationship

) _ ., L
u [% AT = (AS)y, AT = TiAT (1.208)
Ty m

But, on the other hand, the quantity p°—p is equal to AGger /N (Eq. (1.204)).

Consequently

_ gy — BGaer _ 4
u—p=du= N T, AT (1.209)

and the decrease in the melting temperature of a bi- or polycrystal, associated
with the grain boundaries, can be expressed as:

AGgey
NL
The decrease in the melting temperature of a polycrystal with grains of vol-

ume V', derived in the framework of similar assumptions, is equal to (see, for
example, [70])

AT =

T (1.210)

AT,
- qV1/3
where A~ is the difference of the grain boundary surface tension - and the
solid-liquid interface.

AT

(1.211)
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Representing AGgey as AGgey = 7N 2/3 and taking into account that the
surface tension of the solid interface wetted by its own melt is very small, we
come to the conclusion that the decrease in the melting point of the grain
boundaries obtained by Li:

AG e
AT = N I — qN”Yl/B - (1.212)
practically fits the expression for the decrease in the melting point of a poly-
crystal caused by the presence of grain boundaries.

From the physical point of view this result is quite understandable: the
crystal can be in equilibrium with its own melt at the temperature of melting,
which is common for the whole crystal regardless of whether there are some
defects in it or not. In other words, in systems of thermodynamical equilib-
rium the melting point is common for all parts of it. Strictly speaking, in such
a system all properties reflect the property of the system, but not of a definite
part of it. Unfortunately, the understanding of it has not been universally
adopted. As an example, the statement that in an equilibrium crystal the en-
ergy of vacancy formation depends on the place where the vacancy was formed
(dislocation, grain boundary, etc.), violates the first law of thermodynamics.
Apparently, a vacancy being formed at a defect where the formation energy
is smaller, for instance, than in the perfect crystal, and that vanishes in the
perfect lattice gives us energetic profit, which, naturally, violates the first law.

On the other hand, the question arises whether or not the analysis given
above implies that grain boundary melting is forbidden in the wide sense,
in other words, whether a first-order phase transformation is possible at the
grain boundaries.

A first-order phase transformation at the grain boundary means that at
the point of phase transformation one bulk and two surface (grain boundary)
phases, separated by the interphase line, are allowed to exist simultaneously.
The possibility of such a transition follows from Gibbs’ phase rule, and for the
interphase in a single component system not more than two surface phases
may be in equilibrium whereas for grain boundaries three surface phases may
exist simultaneously. Actually, for a single component system with an inter-
phase (two bulk phases) the number of degrees of freedom f is equal to zero
when the total number of phases is equal to 4: because the number of the
intensive parameters, including the surface tension, is equal to 3.

The additional degree of freedom in the system with grain boundaries is due
to the fact that a grain boundary separates two regions of the same phase and
distinguished by the orientation only. This permits the three grain boundary
phases to be in equilibrium simultaneously [70].

Quite a number of investigations have been carried out to establish this
experimentally. The most direct way is the study of the wetting of a grain
boundary by the melt. In this case the boundary melting is accompanied by
the angle © going to zero, where © is the dihedral angle at the root of a grain
boundary groove, formed at the site of contact of a solid metal with its liquid.
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This method was realized in [104]. Bismuth films were observed in the column
of the electron microscope under the condition that they were melting under
the electron beam. Thus, the site of contact of a solid sample containing a
boundary with its own melt has been studied in situ. It appeared that the di-
hedral angle © was decreasing as long as the misorientation angle ¢ of grains
increased, and at ¢* = 7.5° it fell abruptly from ©* = 34° down to zero.
Such behavior of ® may be connected with the peculiarities of the orientation
dependence of the surface tension o “crystal-melt.” Rottman [105] showed,
however, that the values ¢* and ©* obtained from experiments, are not con-
sistent with the symmetry conditions. Therefore, it is highly questionable if
thermodynamic equilibrium was obtained in the measurements [104].

Hsieh and Balluffi tried to reveal grain boundary melting in Al bicrystals
with tilt boundaries [100]X13(510), £17(410), £1(45°) and the twist bound-
ary [100]21(45°). A delocalization of the secondary grain boundary dislocation
cores was not observed up to T' = 0.967,,,. What is more, the aluminum foil
was heated in the microscope column so that this portion was melted. At this
point the expected amounts of a liquid phase were observed at a distance of
15 pm from the boundary “foil-melt.” Estimates with the aid of the thermal
conductivity equation demonstrated the fact that on this portion of the foil
the temperature differed from the melting temperature by not more than 1°.

On this basis the authors [106] came to the conclusion that grain bound-
aries in aluminum do not melt up to 0.9997,, although the boundaries are
being wetted by their own melt at 7' = T;,. In quite a number of works the
question of high temperature behavior of grain boundaries was investigated by
computer simulation techniques. The most interesting among them are those
where the molecular dynamics method was utilized.

In the molecular dynamics computations the trajectory of each atom com-
prising the studied sample is simulated by means of an immediate solution of
Newton’s equation of motion. Thus the molecular dynamics method yields a
true picture of the dynamic behavior of the system.

The results of all investigations performed on the large-angle boundary 5
show that, approaching the temperature of crystal melting, the degree of dis-
order contributed by thermal vibrations grows faster in the boundary region
than in the bulk. For the quantitative characteristic of thermal disorder the
order parameter is usually employed [107]:

Ny

> " (Re{exp (iKry)})

{=1

1
pa(K) = N,
where 7y is the coordinate of the atom ¢, K is the fixed vector of the reciprocal
lattice, the brackets denote averaging over all generated trajectories and N
is the total number of atoms in a selected part of the sample. Vanishing of
pJ means that a corresponding part of the crystal is melted and a long-range
order in the atom disposition is absent. Structure and self-diffusion along the
boundary [100](310)X5 in fcc material were studied. The thermal dependence
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of pj suggests that a phase transition in the boundary occurs. It means that p;
decreases faster with the increase of temperature than the corresponding value
for atomic planes far from the boundary. Although the extrapolation of the
value p; to the melting point of the crystal, T,,, yields zero (liquid), at lower
temperatures p; remains finite. It indicates conservation of long-range order at
the boundary. At T' = T, the grain boundary self-diffusion coefficient D’ is the
same as for the liquid; however, at T' < T, it is less than for the correspond-
ing supercooled liquid. Based on these data the authors [107] confirm the fact
that the boundary retains some order up to the crystal melting temperature.
J.Q. Broughton and G.H. Gilmer chose another, “thermodynamic” approach
to analyze the problem [108]. The criterion of grain boundary melting is: the
grain boundary melts when twice the surface tension of a “crystal-melt” inter-
face becomes less than that of the boundary. By determining the frequencies
of normal oscillations of atoms at the boundary at 7' = 0, its entropy and the
thermal dependence of the surface tension may be found. Then comparing it
to the surface tension of a “crystal-melt” interface one may distinctly conclude
whether this boundary is capable of melting or not. The authors performed
such an analysis for three boundaries ([100]25(310), ¢ = 36.9°; [011]X11(332),
©=20.05°; [011]X123(443), ¢ = 14.65°). It appeared that the tendency of the
boundaries to melt diminishes as the misorientation ¢ decreases. It should
be noted that such a conclusion is a qualitative one, because a temperature
dependence of the boundary surface tension (the boundary entropy) has not
been taken into account.

Wolf was the first to use embedded atom potentials for molecular dynam-
ics simulation of the high-temperature behavior of grain boundaries. For the
twist boundary [001]X29 in Cu up to T = 0.94T,,, the order parameter had a
non-zero value in all atomic planes adjacent to the boundary [109], and the
authors confirmed that grain boundary melting did not take place.

It should be noted that in a number of theoretical studies the high temper-
ature behavior of various simplified grain boundary models (the lattice-gas
model [110, 111], g-state Potts model [112]) was investigated. It was observed
that a liquid layer occurs at the grain boundary significantly below the bulk
melting point T},. The thickness of the layer grows logarithmically when ap-
proaching T;,. It is not clear, however, whether these models describe the
high-temperature behavior of grain boundaries adequately.

In summary, the authors [100] came to the conclusion that grain boundary
melting in pure metals is rather doubtful.

1.4.1.2 Grain Boundary Wetting

We have discussed above the problem of grain boundary melting and arrived
at the conclusion that it does not occur below the bulk melting point, while
complete wetting of the grain boundary by the melt at the melting point
does occur. Wetting of grain boundaries by the melt was repeatedly observed
in two-component systems (Zn-Sn [113], Al-Sn [114], Al-Pb [115]). On the
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two-phase coexisting line and below the wetting temperature T,,, the contact
angle at the intersection of a grain boundary and the interface “solid-melt”
is constant and roughly equals 180°. When T — T,,, this angle decreases
rapidly, and at T' > T,, a melt layer appears on the grain boundaries. So in a
two-component material a liquid (or quasi-liquid) layer can occur on a grain
boundary beyond the solid liquid coexisting line.

It was Cahn [116] who first understood that in a two-component solution
the transition from incomplete to complete wetting must always occur at a
temperature close to the critical point of immiscibility, and such a transition
may have a “satellite” in a single-phase region prewetting or premelting phase
transition. Consider a two-component liquid with miscibility gap § + 8 which
is in contact with a solid phase « (Fig. 1.24). The two-phase region is bounded
by an arc-like curve with the critical point c. It has been shown by Cahn that
when T — T, the surface tension 7gs of the interphase boundary between
G and ¢ decreases faster than the difference between the surface tensions
Yas — Yap- This means that there should be a temperature 7', above which
there must be a layer of phase 0 between the container wall o and the phase
0. At the temperature T, a wetting transition occurs on the tie line PP’.
Cahn showed also that a thin thermodynamical equilibrium layer of phase §
at the o/ boundary may exist even beyond the two-phase region of the phase
diagram: when the line PC’ is crossed, the prewetting transition occurs along
the interphase boundary «/d: a layer of phase § of finite thickness appears
abruptly.

As shown in [100], Cahn’s speculations are of rather universal character,
and they allow one to make some fruitful generalizations:

(1) Wetting transformation may occur even if the phases § and § are solid.
It is only important that v, — 0 when T' — T, — 0.

(2) For these phase transformations the third phase a is unnecessary. The
layer of # may appear at grain boundaries of phase 4 if v55 > 2735.

(3) If the value of mixing enthalpy of the components A and B is positive
and large enough then the critical point “C” may be “virtual.” In other
words, it may be situated, for example, above the liquidus line (Fig.
1.24Db).

Important for the wetting transition is only that in the vicinity of such a vir-
tual point C the surface tension ygs should decrease rapidly. Then we could
observe, for example, the transition to complete wetting of a grain boundary
by the melt.

In principle, the wetting phase may be solid. Actually, all the speculations
which are true for the virtual decomposition curve (Fig. 1.24b) are true not
only for the eutectic diagram, but also for a eutectoid system (Fig. 1.24c).
Some data show indirectly that solid-phase wetting does exist. Such a phase
transition can explain the stability of the grains of the a-phase in the S-phase
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Te t

FIGURE 1.24

(a) Phase diagram for two-component liquid with miscibility gap. The wetting
transition exists at T, (by T' > T, the phase § wets the boundary between
liquid phase § and solid container «). Between PC’ and PC lines a thin layer
of phase (3 exists on the interphase boundary §/«. (b) Eutectic phase diagram
with virtual critical point C. The wetting transition on the ¢/ boundaries
exists at T, near the temperature of the small slope of the liquidus line. (c)
Same situation as in (b), but for the eutectic diagram. In this case by T' > T,
the solid phase 8 must wet the grain boundaries §/4.
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FIGURE 1.25
The temperature dependence of indium bulk interdiffusion coefficient D in
tin. The discontinuity on the temperature at 7T, corresponds to the critical

point of the 8 —~' transition. Note the deviation from the Arrhenius law near
T..

matrix in the two-phase (y+ ) region for different superplastic alloys [117] as
well as the existence of a temperature threshold of grain boundary plasticity
enhancement [118].

Two different situations of wetting near the critical point can be distin-
guished: the first one, when a layer of new phase is formed on the grain
boundary (prewetting phase transition) and, secondly, when a grain bound-
ary is replaced by a layer of the new phase (premelting phase transition). At
prewetting transition the difference between the two phases must be small,
while at a premelting transition the wetting phase may differ drastically from
that of the bulk.

There is strong evidence for the occurrence of a prewetting phase transition
at grain boundaries in the Sn-In system [119, 120]. In these works bulk and
grain boundary diffusion of indium in tin was studied, and it was shown that
there is a discontinuity in the temperature dependence of the bulk interdif-
fusion coefficient at the temperature of the critical point of the 8 — " bulk
phase transition. Analogously, but at lower temperature, discontinuities were
also observed in the temperature dependence of grain boundary diffusivity,
while at the bulk critical temperature these dependencies exhibited no sin-
gularities (Figs. 1.25-1.26). Such behavior may be understood according to
the model of the prewetting transition given in Fig. 1.27. Suppose that an
interlayer of high temperature 3 phase is formed at the temperature TP at
the grain boundaries. As the temperature is increased further, the thickness of
this interlayer grows also, the structure of the grain boundary itself becoming
analogous to the G-phase grain boundary structure rather than to that of the
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FIGURE 1.26

The temperature dependency of Dy, - ¢ for indium in (100) twist boundaries
of tin for boundaries with different misorientation angles a: 1—28.1°; 2—29°;
3—27.5°; 4—30°;5—31°.

~'-phase. The thickness of this layer approaches infinity at the temperature
of the bulk transition 7., but this, indeed, does not affect the structure of the
grain boundary. This is why the temperature dependencies of grain boundary
diffusion coefficients have no singularities at T.. The temperature ch can be
seen to decrease with increasing deviation of the misorientation angle from
the coincidence misorientation ¢x;7 = 28° (Fig. 1.28).

The premelting phase transition was discovered in grain boundaries of the
quasi-binary system Fe(Si)-Zn in the course of a study of Zn diffusion along
tilt grain boundaries in Fe-Si alloys [121]-[125]. It was found that the pene-
tration profiles of Zn along grain boundaries in Fisher coordinates consist of
two sections, one with a small slope at high Zn concentration and one with a
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FIGURE 1.27

(a—c) Prewetting transition. Three interfaces are forming in place of the single
GB, a new GB and two crystal-wetting-phase interfaces: (a) GB in the a — -
transition, and (¢) GB in the -phase. (d—f) Premelting transition. The GB is
completely replaced by the wetting phase interlayer; (d) GB in the a-phase;
(e) thin liquid layer between two a-crystals near the solid-liquid transus and
(f) liquid phase for T' > T,,.
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FIGURE 1.28

Dependence of the 3 — 7/-transition temperature 7 on grain boundaries in
tin on the misorientation angle . T, is the temperature of the critical point
of the 8 — +/-transition in the bulk. (e) boundaries close to 17, (o) general
boundary, ¢y = 28.1° (17).
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FIGURE 1.29

The dependencies of GB zinc concentration ¢, on depth ¢ in a Fe-5at.%Si alloy.
(a) At concentration cp; the value of GB diffusivity sdD;, changes abruptly at
a constant temperature of 735°C and various annealing times ¢t. Note that ¢y
does not depend on t. (b) At concentration c¢p; the value of diffusivity sdDy
changes abruptly. The concentration ¢ depends on temperature.

large slope at low Zn concentrations (Fig. 1.29). The transition from one type
of behavior to the other was found to occur at a definite Zn concentration cp;
at the GB. As shown, ¢ is independent of the annealing time. Consequently,
this concentration is an equilibrium characteristic of a grain boundary (Fig.
1.29). Tt is an equilibrium characteristic of a grain boundary and depends on
temperature. The ratio of the grain boundary diffusivities in the two regions
was approximately 102, which is an indication of the quasi-liquid nature of the
layer present in the grain boundary at high Zn concentration. The dependence
of ¢p on temperature (grain boundary phase diagrams) has been determined
for alloys with different Si contents. Let us summarize the main features of
the diagrams.

1. For all Si contents sharp peaks directed toward low Zn concentrations
were observed in the grain boundary phase diagrams at the peritectic
temperature of the Fe-Zn systems (782°C) (Fig. 1.30a,b). The nature
of the peaks is connected with the fact that in the Fe-Zn system the
virtual point of solid solution decomposition lies only slightly above the
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peritectic temperature. It was shown [121] that the concentration cp; at
which a grain boundary phase transition occurs depends on the grain
boundary surface tension v and the surface tension vysy of the solid-
liquid interface according to the expression

n+41

(v —2ysp) ™
n+41
b(Wn)L/m (1 4 n-1)

Cpt = Co — (1.213)

where ¢g is the solubility limit of Zn in the alloy, W and n are the
constants describing the repulsive interaction between two solid-liquid
interfaces and b is a constant which may be determined from the thermo-
dynamic data describing the alloy. Actually, all the miscellany of wetting
phenomena may be obtained from an analysis of the free energy Q2° of
the wetting layer:

Q0% =2vg1 + Mg+ V(N) (1.214)

where A is the thickness of the wetting layer, Ag is the excess free energy
of the wetting phase. The latter term describes the interaction of the
“crystal-wetting phase” interfaces. The situation that the thickness of
the wetting layer gets infinitely large when the line of phase coexistence
is approached (Ag — 0) is called complete wetting. Because the equi-
librium thickness of the wetting layer is determined by minimization of
Eq. (1.214) with respect to A, complete wetting can be observed only in
the case when the two following conditions are satisfied:

(1) 2vsL <7

(2) V(M) must have a global minimum for ¢ — oo, in other words, the
interfaces “crystal-wetting phase” must repel one another. In [100] it
was assumed that V(\) depends on A\ by a power law

V(A) = W/A" (1.215)

Expanding Ag into a power series in (c¢o — ¢), where ¢g is the bulk
solubility limit (solvus or solidus) and restricting ourselves to the first
term we obtain

Ag=10b(by— cp) (1.216)
The function Q*(\), determined by means of Eqgs. (1.214)—(1.216), has a
minimum at \g = [b (co — cb/nW)_l/"H}, where at Q° (A\g) = Qo = v
the premelting transition occurs. Under this condition the relationship

(1.213) was obtained. In the vicinity of the critical point, sz, decreases
drastically, and, according to Eq. (1.213), ¢ also decreases.

2. In the alloy containing 5at%Si a peak in the grain boundary phase dia-
gram directed toward low Zn content was observed in the temperature
vicinity of the Curie point (Fig. 1.30). Such effects are often observed at
the intersection of a line of a second order phase transition with a line
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(a) The temperature dependencies of ¢ and ¢, vs. Zn concentration. The
solubility limit of zinc in pure iron is also displaced (solidus and solvus). T is
an intermetallic compound and L is the liquid. (b) Section of Fe-Si-Zn phase
diagrams for alloys with different silicon contents. The dotted lines show the
temperature dependencies of the concentration cp; at which the GB diffusivity
changes drastically (premelting phase transition). ¢, is the bulk solubility limit
of Zn in the Fe-Si alloys. T}, is the peritectic temperature of the binary Fe-Zn
system.
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FIGURE 1.31
Three-dimensional grain boundary premelting surface in “Zn concentration-Si
concentration-temperature” space.

of a first-order phase transition [126, 127]. Here, a transition from com-
plete to incomplete wetting may occur. The transition of the alloy into a
ferromagnetic state creates a force of attraction between the grains. Ac-
curate calculations show that the “magnetic” part of the function V(\)is
comparable with the “non-magnetic” part [128, 129]. All of the above
may be illustrated by a three-dimensional grain boundary phase dia-
gram with the coordinates “temperature-concentration-concentration”
(Fig. 1.31). Such a diagram looks like a two-dimensional surface below
which (at low Zn concentrations) grain boundaries with low Zn adsorp-
tion are stable and above which grain boundaries exist in a premelting
state.

3. Below the Curie point the premelting line is very close to the line of

the bulk solubility limit, and below the temperature of atomic ordering
A2-B2 in an alloy containing 12at%$Si the complete wetting disappears
simultaneously with the grain boundary premelting phase transition. So
it can be concluded that atomic and spin ordering shorten the region
of stability of a grain boundary in a premelted state. In the case of a
ferromagnetic transition it is connected with the long-range attractive
contribution to the free energy of the premelting layer, the origin of
which was discussed above.
In the case of atomic ordering A2B2 in the bulk, an additional contribu-
tion to the free energy of both the grain boundary and the premelting
layer arises due to the disorder in the interface core. Since the premelt-
ing layer with a liquid-like structure is more disordered than the grain
boundary, such a contribution should be greater for a premelting layer,
and it loses its stability in the ordered state of the bulk.

4. Tt was shown [130] that when the hydrostatic pressure is increased the re-
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FIGURE 1.32
Three-dimensional phase diagram with the locations of the bulk solubility
limit of Zn (cs) and the concentration of the premelting transition on grain
boundaries, cp;.

gion of stability of the premelting layer at the grain boundary decreases,
and at some critical pressure p,, one can observe the transition from com-
plete to incomplete wetting of the grain boundary by the Zn-rich melt
with the simultaneous disappearance of the grain boundary premelting
transition. In Fig. 1.32a schematic three-dimensional grain boundary
phase diagram in coordinates “temperature - Zn concentration-pressure”
is shown in two sections, at p = 0 (isobaric) and at T'= 905°C for differ-
ent pressures (isothermal). The disappearance of grain boundary wetting
and premelting is connected with a higher excess volume of the premelt-
ing layer as compared with that of an “ordinary” grain boundary.

As mentioned at the beginning of the discussion of this item, wetting of grain
boundaries by the melt was repeatedly observed [100, 113, 114]. Cahn’s paper
[116] gave a new impetus to research in this area [131]-[134]. Unfortunately,
the exploration of wetting phenomena at solid/solid interfaces is much more
poorly developed than, in part, that for planar solid substrates and fluid mix-
tures. From our point of view this is due to the considerable experimental
difficulties connected with measurements of the boundary which is “hidden”
inside the sample.

There is a good reason to believe that the experimental technique developed
in [135]-[137] permits us to improve our understanding of this phenomenon.
What is a wetting transition? Let us consider a system in which a solid bicrys-
tal is in contact with a melt. The equilibrium of a bicrystal in contact with
a liquid metal can be characterized by the dihedral angle © at the site of
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FIGURE 1.33

Partial (a) and complete (b) wetting of a grain boundary by a melt (schemat-
ically); v and ~gy, are the excess free energies of the grain boundary and
solid/liquid interface, respectively. L and S denote the solid and liquid phases,
respectively.

intersection of the grain boundary and the solid/liquid interface (Fig. 1.33).
The angle O is defined by the condition of equilibrium

cos (g) 7 (1.217)

C 2vsg

The two situations © > 0 and © = 0 correspond to a partial and complete
wetting, respectively. If some intensive thermodynamic parameters like tem-
perature, composition, pressure or the grain boundary misorientation angle
are altered, a transition from partial to complete wetting can occur. This is
a wetting phase transition, which can be of first or second order (Fig. 1.33b).
When the situation is reversed and the temperature is decreased or the pres-
sure is increased the angle © changes from zero to non-zero values. This is
called the dewetting phase transition (Fig. 1.34).

First of all we would like to discuss the effect of grain boundary misorienta-
tion on the wetting parameters, then the influence of high pressure on the grain
boundary wetting. Finally, the important physical problem will be discussed
— to which order of phase transition the grain boundary wetting relates.
There are few experimental data concerning the effect of the grain boundary
misorientation on the wetting parameters. In the Cu-In system the value of
the wetting temperature (73,) for a symmetrical (011) tilt grain boundary
close to the symmetrical coherent twin boundary was only about 30°C higher
than for the general 141°(011) grain boundary, though the excess free energy
difference for these grain boundaries was about 50% in pure Cu [135]. In the
Al-Sn system the value of Ty, for a symmetrical 38.5°(011) grain boundary
close to the X9 coincidence misorientation was about 13°C higher than for
the general 32°(011) grain boundary [136].

One can see that there is an influence of the grain boundary misorientation
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®=35° Fe-6at.% Si  ®=38°

FIGURE 1.34

Optical micrographs of contact areas between Fe-Si bicrystals (bottom, bright)

and Zn-rich melts (top, dark) after annealing at 950°C under different hydro-
static pressure.
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FIGURE 1.35

Pressure dependence of contact angle © for various grain boundaries. As the
pressure increases, the dewetting transition from complete to partial (incom-
plete) wetting occurs at p,,.

and energy on the value of T,,. However, the magnitude of the temperature
change cannot be predicted in a straightforward manner.

In [137] the influence of pressure on the wetting of grain boundaries in
bicrystals of Fe-Si by a Zn-rich melt was studied. The transition from com-
plete (© = 0) to partial (© > 0) wetting was found to occur as the pressure
increased (Fig. 1.35). The dewetting transition pressure is higher for special
boundaries than for general ones (Fig. 1.36). The investigation of the dewet-
ting under a high hydrostatic pressure enables us to estimate the resulting
excess volume of grain boundary and solid-liquid interfaces. Actually, from
Eq.(1.217) it follows that

(1.218)

0
®:2arccos{ v+ AV }

2 (720 +pAVsr
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FIGURE 1.36

Dependence of grain boundary phase transition pressure p,, on deviation from
35 coincidence misorientation. The region of existence of the special X5 grain
boundary is shaded.

where 77, 4%, are the excess energies of the grain boundary and solid-liquid
interfaces at fixed constant Zn concentration; AV, and AVsy, are the excess
volumes of these interfaces, respectively. It was found that the excess volume
AVgy, for all four boundaries studied is AVsy, = 2.5 + 1.4A.

The problem of the order of the grain boundary wetting phase transition
was discussed in [136]. If the grain boundary wetting transition is of first-
order a discontinuity in the grain boundary and surface entropies should be
observed, which in our case leads to a discontinuity of the temperature deriva-
tive of the grain boundary energy at Ty, : [0v/0T — 0 (2ysr) /0Ty, #
0 [116, 134]. If the grain boundary wetting follows the second order,
[0v/0T ) p_y, = [0(2vsL) /OT)|p—rp, - The theory [131] predicts the law of
the temperature dependence O(T) in the vicinity of the wetting point: for the

first-order phase transition
T,—T 1/2
o~ (M)
Tw

oo (Tw B T> 3/2
Tw
Grain boundary wetting in the system Al-Sn was studied with bicrystals with
symmetric tilt (011)(001) grain boundaries with the misorientation angles
32° (random grain boundary) and 38.5° (near X9). The observed hysteresis is
consistent with the assumption that the wetting transition is of first-order.
An additional reason for grain boundary wetting phase transition to be of

first-order is the temperature dependence of the contact angle in the vicinity
of the wetting point (Fig. 1.37). As mentioned above, the theory predicts a

for the second order
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FIGURE 1.37

The dependence of the contact angle © on (T — T,,) /T,. Curves with slope
1/2 and 3/2 (dashed lines) correspond to wetting phase transition of first and
second order, respectively [136].
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O~ (T — T)l/ 2/ (Tw)l/ ? behavior for a wetting transition of first-order and
O~ (T, — T)g/2 / (Tw)?’/2 for a transition of second order. As is easy to see,
for both investigated grain boundaries the experiments count in favor of the
first-order phase transition [136].

1.4.1.3 Structural Phase Transitions

Another type of grain boundary phase transitions which is very important
both for theory and applications is the structural phase transitions!. By using
the method of thin film bicrystals Sickafus and Sass found a change in the
dislocation structure of small-angle (101) twist boundaries in bicrystals of a
Fe-Au alloy when the content of gold was increased [138], a change of the dis-
location structure both of low- and high-angle boundaries, in iron bicrystals
with antimony and sulphur [139, 140]. Although the authors postulated the
change in the structure was a sign of a grain boundary phase transition, it
needs to be analyzed in more detail. A first-order phase transformation repre-
sents itself in a large, abrupt change in the structure and properties. So, only
the changes in the grain boundary structure associated with the increased
content of impurities cannot be taken as proof of the grain boundary phase
transition.

It is known that special grain boundaries of arbitrary orientation are
faceted, which is connected with the anisotropy of the surface tension. The
facets are located in those planes where the surface tension is minimal. A sim-
ilar phenomenon is observed also at the surface of solids: many single crystals
are of a faceted shape with flat faces corresponding to low-index crystalline
faces which manifest extremely low surface tension. At a small deviation of
a face orientation from a low-index one, steps occur on the surface and the
energetically favorable orientation is practically conserved. With increasing
temperature the contribution of the steps to the entropy increases and at a
definite temperature the formation of steps may become energetically favor-
able.

In principle, the same phenomenon can be observed also at grain bound-
aries. At a definite temperature the boundary may become unstable with
respect to the concentration of steps and transform into an atomically rough
interface. The surface tension of such a boundary must be isotropic, the bound-
ary becomes flat (if this shape corresponds to the minimal energy) but some-
what diffuse. It is noted that the vanishing of faceted boundaries was observed
in experiments with polycrystals, but it was doubtful whether this effect was
connected with the roughening transition or was of kinetic nature. A special
experiment with a defined single grain boundary was performed by Balluffi et
al. [141]. In his experiments ¥.3(111) asymmetric tilt boundaries in Au and Al

IThe reader is referred to Chapter 2 for an overview and the terminology of grain boundary
structure.
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and an asymmetric ¥11 boundary in Al manifested clearly defined facet struc-
ture at room temperature. In situ observation during heating of the samples
with grain boundaries demonstrated that with increase in the temperature the
facets gradually diffused and at high temperatures the boundaries flattened.
What is of importance is that it was shown that this effect was reversible.
Similar effects of reversible faceting/defaceting of grain boundaries in a Cu
film was observed under deposition/evaporation of Bi [142].

Structural changes of grain boundaries must be accompanied by a change
in their properties such as surface tension, mobility, diffusion permeability,
sliding rate along the boundaries and so on. Therefore, one can study a grain
boundary phase transition by observing the change of these and other prop-
erties. Watanabe [143] investigated the temperature dependence of the grain
boundary sliding rate for seven different symmetric tilt boundaries in zinc.
For six of the seven investigated boundaries distinct changes of slope were
observed at various temperatures 7,,. The maximal value of T}, was observed
for the special misorientation 39(1010) and for the boundary with a misori-
entation angle of 16.5° — the smallest of all the investigated misorientation
angles — a change of slope was not observed at all. The authors reasoned
that a grain boundary phase transition at temperature 7, had been observed
in the studied boundaries.

The surface tension and the mobility of the special boundary 317 and in
the vicinity of the special boundary 317 in tin at different temperatures were
studied in [144]. The ratio of the surface tension <; of the special bound-
ary to that of the non-special boundary v was measured at a triple junction,
where one special and two non-special (random) boundaries were in contact
(Fig. 1.38). In the investigated temperature range (0.85-1.07},) the tempera-
ture dependence of the ratio 1 /v showed a change of slope (Fig. 1.38) which
is a characteristic feature of a first-order phase transition. In this work the
mobility of the same special boundaries was studied in the same tempera-
ture interval. For the same boundaries an abrupt decrease in the mobility
with increasing temperature was observed. The temperatures 7, at which an
abrupt change of the mobility occurred were in good agreement with the tem-
peratures of the change of slope of the temperature dependence of the grain
boundary surface tension. It is believed that the phase transition “special
grain boundary-random grain boundary” was observed in the discussed work
[144]. The equilibrium phase diagram “special grain boundary random grain
boundary,” based on the mentioned results, is presented in Fig. 1.39. The
“special boundaries,” strictly speaking, the boundaries with the properties of
special boundaries, are located under the curved part of the diagram. It was
also demonstrated that with an increasing content of surface-active impuri-
ties in tin the temperature 7T, decreases proportionally to the logarithm of
impurity concentration. To understand the dependence of the temperature of
the grain boundary phase transition on misorientation of the grains and the
impurity concentration, a surface analogy of the Clausius-Clapeyron equation
is required. This relation connects the change in the phase equilibrium tem-
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Temperature dependence of the surface tension of special grain boundaries
(() and of general boundaries (v)7y2 = v3 = 7. Misorientation angles: (a)
25.5%; (b) 26.0°; (c) 26.5°; (d) 27.0°%; (e) 27.7°; (f) 28.2°; (g) 28.5°; (h) 29.0°;
(i) 29.5% (k) 30.0° [144].

perature with the change in other intensive variables.
Let us consider the Gibbs adsorption equation written for both of the grain
boundary phases [144, 145]:

dy = —SPdT =Y " Tidp; + £di (1.219)

where ~y is the surface tension of a boundary, S? is the surface excess of the
boundary entropy (in a solution), T'; is the adsorption of the ith component at
a boundary, dn means a small change in the macroscopic geometric parameter
of a boundary. The role of the geometric parameter can be played by angle of
misorientation, the angle of inclination, the deviation of the tilt (twist) axis
from a given value and so on. For instance, if the angle of misorientation is
@, then £ = 07v/0¢r,u,. At the point of grain boundary phase transition the
surface tension of both grain boundary phases must be equal (in accordance
with the condition of mechanical equilibrium). Then for a binary alloy

(8% — SBYdT + (D4 — D) dp + (I'y — Tlg) dpt’ + (éB - éA) div =0 (1.220)

where A and B are the indices denoting the two different grain boundary
phases; the values with the primes refer to the atoms of a dissolved substance
and those with the superscript p to the solution in general. Furthermore, we
shall consider the bulk solution to be ideal. Then

dy/ =RTd(In¢)+ (R-Inc—S,)dT (1.221)
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FIGURE 1.39

Range of existence (phase diagram) of ¥17 special boundaries an ¥1 general
boundaries in tin constructed with respect to T, — the temperature of the
maximum in Fig. 1.38. Open circles — T, values obtained from the temper-
ature dependence of the surface tension, solid circles — T, values obtained
from the temperature dependencies of the boundary migration rate. The lower
part of the figure represents published data on the structures of special 317
twist boundaries in gold at T/T,, = 0.2 [W. Bollmann, in: Crystal Defects
and Crystalline Interfaces, Springer, Berlin (1970), p. 316] and in magnesium
oxide at T/T,,, = 0.1 [G. Masson, S.-Y. Boos and J. Merbeuval, Surf. Sci., 31
(1972) p. 115]. Solid squares — boundaries which exhibited secondary grain
boundary dislocations, open squares — boundaries formed exclusively by pri-
mary grain boundary dislocations [144].
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dy = —RTdc — (Rc+ S,) dt (1.222)

where c¢ is the bulk impurity concentration, S, is the molar entropy in the bulk
solution. From (1.220) and (1.222) we obtain the relationship between the
temperature of a grain boundary phase transition and the bulk concentration
of the impurity, the values of grain boundary adsorption and the macroscopic
geometric parameters 7:

AP NPT o
(M) = Ty)d(n o) = (Ca ~Tw)de+ [ (€)= () ] £

Sp—Sh— Iy —TI's)(Rlnc—58)) + (Ta—Tp)(Re+Sy)

(1.223)
Equation (1.223) is effective for an analysis of the experimental results. Fol-
lowing [145], let us consider the dependence of the grain boundary phase tran-
sition temperature in pure tin on the misorientation angle of grains around
the tilt axis (100). Three phases (two grain boundary phases and the bulk
one) are co-existing at the grain boundary transformation point. The chemi-
cal potentials of the atoms of these phases are equal:

dl' =RT

wa (v, T9) = pp (v, T, 0) = po(p, T) (1.224)

At p = const.

~Audy — SadT + (au—f‘> dp =
I

= —Ady — SpdT + <86’f—3> dp = —S,dT (1.225)
¥

Then we come to

fary _ T(5) A ()

dSD AA (SB - Sv - ZB (SA - Sv)
A.A Mn) _ (o
o s {(6f)A ( i)B _ (1.226)
Sp-As—Sa-Ap— S, (As — Ap)
where [0pus/ (Opp)] = —A; is the specific area occupied by one mole of grain

boundary substance. With the assumption Ay = Ag = A we come to the
Clausius-Clapeyron equation:

B33, @) e

The index “e” means that the change of the value is considered along the curve
of equilibrium of two grain boundary phases; AS is the change in the molar
entropy of the grain boundary under the phase transition: AS = ¢/Tirans. In
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Correspondence of 317 — X1 equilibrium line with dislocation model for the
transition temperature T, (solid line), ¢ is misorientation angle, AT = 220°C-
T..

[140] the idea was put forward that the peculiarities observed in grain bound-
ary behavior are conditioned by the phase transition “special grain boundary
— non-special (random) grain boundary.” Taking into account that the sur-
face tension of a random grain boundary depends weakly on the misorienta-
tion angle, it may be assumed that (0v/0¢)s = 0; the change of a special
boundary misorientation angle by Ay gives rise to a wall of secondary grain
boundary dislocations with the period of the boundary. The surface tension
of tilt boundaries increases by A~:

b . b
Ay=———sin Ap|1l4+In— —In A 1.228

7 4w (1 —v) S AP < + n2ﬂ'r0 . 90) ( )
Here rg is the cut-off radius which is approximately equal to the dislocation

core width, p and v are the shear modulus and the Poisson ratio. From (1.227)
and (1.228) one obtains

A [ubsin(Ay) b
AT = AS [ T —) 1+ 1n27rr0 In Ap (1.229)

The linearity of (1.221) is shown in Fig. 1.40 in corresponding coordinates.
The heat of grain boundary phase transition L estimated in [144] from exper-
imental data using Eq.(1.229), appeared to be close to the heat of melting of
pure tin, and the value ry equals approximately 5b, which confirms the ideas
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of the large width of grain boundary dislocations [146].

The influence of impurities on the grain boundary phase transition tem-
perature was quantitatively analyzed by [147] on the basis of Eq. (1.226),
assuming that the grain boundary was completely saturated by the impuri-
ties, i.e. all adsorption sites were occupied. In this case the temperature of the
grain boundary phase transition is supposed to be proportional to the loga-
rithm of the impurity concentration, which has been observed experimentally.

As another example for the use of (1.226) we consider the question: how
does a rigid-body translation r of a lattice, breaking down the coincidence
geometry at the boundary, affect the temperature of grain boundary melt-
ing? A high temperature grain boundary phase slides without any resistance,
therefore, &g = [0/ (Or)]z = 0 while [0/ (dr)], > 0. Hence dT' < 0, which
means that upon the described shift the transition temperature decreases. In-
deed, such a decrease was observed in [148], where the influence of the grain
boundary premelting transition has been simulated on the basis of a lattice
gas model. In the experiments of [139] the temperature of the grain bound-
ary phase transition also decreased with the deviation of the misorientation
angle from the special value %29. This proves the fact that the energy of a
high temperature grain boundary phase depends on the misorientation to a
weaker extent than that of a low temperature phase. Such behavior of the
physical properties in a low and high temperature phase was observed for
grain boundary diffusion in Cu bicrystals [149]. A conspicuous feature of this
investigation was the high accuracy of the identification of the crystallography
of the samples (0.02-0.05°), which permitted us to study grain boundaries in
very close vicinity of the special misorientation (100)X5.

In Fig. 1.41 the misorientation dependence of the grain boundary diffusion
coefficient (strictly speaking the product Dyd where § is a grain boundary
width) is presented for different temperatures [149]. It is easy to see that at
temperatures above 725° an abrupt jump of the lines Dj (Ap) was observed.
What is important is that after this the diffusion coefficient is independent
of the deviation A from the special misorientation. Authors interpreted this
jump as evidence of the phase transition special grain boundary — random
one. It gives an explanation for the mentioned misorientation independence of
the diffusion coefficient. Actually, the random grain boundaries, and what is
more, in such narrow interval of misorientation angles, are indistinguishable
in properties.

An additional reason for the presumed nature of the phenomenon is the
change in the misorientation coordinate of the phase transition with the tem-
perature, namely, the higher the temperature is, the closer is the coordinate of
the boundary transformation to the special misorientation (Fig. 1.41). Tradi-
tionally, grain boundaries are divided into two broad classes, namely, special
boundaries and general boundaries (non-special, see Chapter 2). The proper-
ties of special boundaries differ dramatically from those of random (general)
boundaries. Orientational dependencies of thermodynamic and kinetic param-
eters have a sharply non-monotonic character with extrema on special “an-
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FIGURE 1.41

Orientation and temperature dependences of Dy of Ni diffusion along (100)
tilt grain boundaries in Cu in the vicinity of the special misorientation 5.

gles.” The geometrical models predicting the existence of special boundaries
were developed rather a long time ago. The first of these was the coincidence
site lattice model (CSL), in terms of which it was shown that at particular
misorientation angles a portion of sites of the interpenetrating lattices coin-
cide. The CSL is characterized by the X value, that is, the reciprocal density of
coincidence sites. Conventionally, this is attributed to the fact that the grain
boundary occurring in a CSL with low 3 shows a periodic structure and a
lower energy compared to random boundaries. Although the CSL is lost at
any small departure from the exact angle, the properties of special boundaries
are maintained in a certain finite interval of misorientation angles. This is at-
tributed to the accommodation of the special boundary structure by means
of grain boundary dislocations. The available geometrical models enable us,
in principle, to describe the structure of any special boundary. The authors of
these models realized that large ¥ values and small lengths of Burgers vectors
of grain boundary dislocations have no physical sense. The limits of applicabil-
ity of geometrical models of the grain boundary structure have been discussed
for a long time, but the question remains obscure so far. The authors of [150]
embarked on an attempt to solve some problems, associated with the stability
of the structure and properties of the special grain boundaries, in particular,
what is the maximal value of ¥, at which special boundaries are still different
in properties from random grain boundaries; whether the properties of special
boundaries remain “special” in those temperature intervals; if there is X ax
then how does it depend on the temperature; what determines the width of
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Range of existence (phase diagram) of special and non-special (100) grain
boundaries: A — boundaries with special properties; A — boundaries with
non-special properties; ® — boundaries with special structure; o — boundaries
with non-special structure.

the angular interval wherein a special boundary manifests its special proper-
ties. The method of attack of the problem chosen by the authors [150] can be
thought of as a “statistical” one. The authors considered a large body of ex-
perimental material, which permitted them, first of all, to extract the regions
of existence of special grain boundaries in the “temperature-misorientation
angle” coordinates. In Fig. 1.42 the diagram for (100) boundaries (tilt and
twist) is presented, where the ordinate shows the homologous temperature —
the ratio of the temperature of the experiment to the melting point — the
abscissa is the misorientation angle. The lines in Fig. 1.42 separate the region
of existence of special grain boundaries with different X from the single region
of existence of non-special (random) grain boundaries. It appears that only
special boundaries with low ¥ manifest themselves as special up to the melting
point. The boundaries with higher ¥ remain special only up to a certain finite
temperature. The angular interval of existence of special boundaries narrows
with increasing 3.

One of the most important results of [150] is the conclusion that there is a
threshold value of ¥, i.e. ¥,.x at which the properties of special boundaries
are still different from those of general, random ones, the value X, decreases
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when temperature increases (Fig. 1.43). The problem of ¥, is considered, in
particular, in [151], where the authors analyzed the temperature stability of
the geometric structure of special grain boundaries. The special grain bound-
ary preserves its specific properties as long as the depth of its potential relief
— the DSC-lattice period [152] — is larger than the amplitude of thermal
fluctuations, in other words, kT.

Consequently, the temperature T is the temperature of the phase transi-
tion “special grain boundary — random (general) grain boundary.” In the
framework of the considered approach it should be a phase transition of first-
order, which is corroborated by a definite temperature of the transition and
the crystallographical differences of the boundary phases.

When ¥ increases, the vector by — the DSC lattice period — decreases. For
instance, for the rotation axes with small Miller indices a good approximation
for by is [153]

bo = b/VE (1.230)

where b is a Burgers vector of lattice dislocation.
On the other hand, the depth of the potential wells AUy , which corresponds
to the lattice points of the DSC lattice, decreases with increasing . So, if

AUy = kT (1.231)

the grain boundary is no more energetically favorable and, in this sense, it can-
not be considered a special one. Therefore, the condition (1.231) determines
Y max. Unfortunately, the dependence AUp(X) is unknown, so it is easier to
estimate the value of X,,,x considering the geometrical instability of the DSC
lattice [151].

In accordance with Lindemans’ criterion the root-mean square amplitude
u of atomic oscillations in the vicinity of the melting point is about 10% of
the lattice constant. Assuming that this criterion can be applied, at least, in
a first approximation to grain boundaries and the atomic vibrations at the
grain boundaries are harmonic, then u at temperature 1" which is higher than
the Debye temperature can be written [154]

a(T) =2 0.16 [T/ T,/ (1.232)

(The authors [151] took into account the possible difference between the melt-
ing temperature of the bulk and the grain boundary. As shown above, for a
grain boundary which is in equilibrium with the bulk, its melting temperature
coincides with the bulk melting point.)

Not every lattice point of the DSC is occupied by an atom, but all of them
are “smeared out” equally on the value of 2a. A DSC can be considered de-
stroyed if 2u is comparable with by. Consequently, the condition of existence
of an energetically favorable special grain boundary is

0.26 [T/T,n]"? < bo(%) (1.233)
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Temperature of transition “grain boundary with special properties-grain
boundary with non-special properties” as a function of reciprocal density of
coincidence sites X.

From (1.233) and (1.230) we come to [147]
Simax < 25 (T /T) (1.234)

In other words, a grain boundary with the reciprocal density of coincidence
sites X exists like a special one in the definite temperature interval only

25T,
T<Ty=~5" (1.235)

Relation (1.234) is presented in Fig. 1.43 (solid line). One can see that the
agreement is reasonable. Moreover, Fig. 1.43 shows evidence that for ¥ < 25
the temperature of existence of the special grain boundaries extends up to the
melting temperature.

1.5 The Equilibrium Shape of Grain Boundaries

We would like to start this section with the question of whether it is possible
to discuss the equilibrium shape of grain boundaries which are traditionally
believed to be non-equilibrium defects of a crystal. A partial answer to this
question was given when we discussed the problem of how to legitimate the ap-
plicability of equilibrium thermodynamics to grain boundaries. It was shown
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that the existence of grain boundary (along with interphase) thermodynam-
ics is a forced existence. It is a result of the external bonds imposed on the
system: of the constancy of the thermodynamic conditions in the case of an
interphase or the geometric conditions in the case of a grain boundary.

However, the question is which is an equilibrium shape of the crystal and
whether it is possible to discuss the equilibrium shape of a grain boundary on
the analogy of the equilibrium shape of a crystal! The equilibrium shape of a
crystal surface is determined by the extremum of the variational isoperimet-
rical problem, which correlates to a minimum of the free energy of the crystal
at constant volume and number of particles

Q° = %vdA = /7 (P,4) V14 p? + ¢%dx dy = min. (1.236)

at isoperimetrical conditions
V= /Z dz dy = const. (1.237)

where Z(z,y) is the equation of the crystal shape; p = 0Z/0x, ¢ = 0Z/dy;
v (P, 4) is the surface tension of the specific crystal face; gamma is a function
of its orientation.

The solution of the problem (1.236) and (1.237) is the interior envelope of
the set of planes

_ _ . ———
pr+aqy—2 =704 V1+p*+¢ (1.238)

where Z(x,y) is a constant which is given by the bonding equation (1.198).

The equilibrium shape of the crystal can be determined in the following
way. From the origin of the coordinates draw the radius vector with the di-
rected cosines p and §; the length of the radius vector be proportional to the
surface tension 7 (p, §) of the given face. Then draw the planes perpendicular
to the radius vectors through their ends. The interior envelope of these planes,
i.e. Eq.(1.238), gives us the crystal shape. This construction reflects the Wulff
plot.

As was shown by Landau [5, 155], the function + (p, ) has some special
features. Contrary to the widespread opinion that (with regard to the orien-
tation) closely related faces (planes) of a crystal can diverge considerably in
the surface tension, v is a continuous function, i.e. the surface tension of two
faces (planes) of a crystal with infinitely small difference in orientation differs
with infinitesimal quantity.

As early as 1915 Ehrenfest showed in the paper “Comments to the capil-
lary theory of the crystalline shape” [156] that compensating steps formed on
crystal faces deviating from a face with a low surface tension, which “remove”
the difference in orientation and contribute to the free energy of the crystal.
It is just the existence of these steps which causes the second peculiarity of

© 2010 by Taylor and Francis Group, LLC



104 1 Thermodynamics of Grain Boundaries

the function -, namely the absence of a definite value of the derivative with
respect to the orientation. Actually, by increasing the deviation of a crystal
face from a special face with low 7, we increase the number of steps and vice
versa; so, taking a deviation of the face by dO in different directions, we get
two values of the derivative dy/d©. The difference between these values is
determined by the energy of the compensating steps — for a singular face,
and by the energy of interaction of the steps — for the faces with intermediate
orientations. This difference A(dy/dO) decreases as fast as the orientation of
the crystal face recedes from the singular orientation. As a consequence of
the first special feature of the function , the face of a crystal which is close
to special one, i.e. to a face with a small surface tension, has steps which are
widely separated. As can be seen, the distance (in units of the lattice constant)
between the steps is the index of the face (plane). As a result of the second
peculiarity of the function -y, the area of the crystal face, constructed in the
way mentioned above, is proportional to the difference A(dy/d©) between
two values of the derivative of the surface tension.

Thus, the equilibrium shape of the crystal is created by the flattening of
different faces (planes); in doing so, the larger the crystallographic indices of
the plane are, the smaller is its area. It means that the equilibrium shape
of the crystal consists of a small number of flat sections with a low energy,
which are connected by curved parts, where all crystallographic planes are
represented.

What prevents us from applying the given scheme to an individual grain,
and to the grain boundary? For the grain boundary the variational problem
is not an isoperimetrical one — there is no reason to fix the volume of the
bulk while varying its shape, because on each side of the grain boundary
there is the same phase. The situation changes if an external anisotropic field
— magnetic field, stress field, etc. — is imposed on a system with a grain
boundary. Thermodynamically different phases will be located on either side
of the grain boundary, and the grain boundary itself becomes an interphase.
So the results discussed above can be applied to it. If the space is isotropic,
the grain boundary separates two regions with the same phase, and the role
of the linkage (Eq. (1.237)) should be played by the geometrical restrictions.
So, the grain boundary may be fixed to the external surface of the sample by
a thermal groove, forced to extend through certain points, lines and so on.
Once the grain boundary surface tension does not depend on the orientation
in the crystal, a surface of zero Laplace curvature corresponds to the equi-
librium shape of the grain boundaries. Just this idea is the basis of Mullins’
witty analysis of the grain growth in thin sheets and foils [157]. The special
feature of grain growth in thin foils is that the moving grain boundary is sta-
bilized at the external surface of the foil or sheet by a thermal groove. The
grain boundary can leave the groove only, if the angle between the boundary
and the slope of the groove is larger than 7/2. Consequently, the shape of an
isotropic grain boundary in thin sheets and foils corresponds to the minimum
of rotational geometries which are stretched on two circumferences of radius
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FIGURE 1.44

Two possible grain boundary shapes when boundary inclination deviates from
special orientation. (1) — compensating steps; (2) — macroscopic facets. A
and B are the points where grain boundary is locked.

r. This is the property of a catenoid — which is the rotational figure of a
chain line and the Laplace curvature of it is zero in every point. The dihedral
angle between the catenoid and the plane of the sheet is w = §/2r, where §
is the thickness of the sheet. Grain boundaries of small grains will move until
their size reaches the critical value, which is determined by the mentioned
condition (w = m/2). Estimations yield a critical size which is approximately
equal to the sheet thickness, and the experiment confirms them.

Grain boundaries, at least the special grain boundaries and those close to
them, are anisotropic [35]. That is why it is of interest to consider the behav-
ior of anisotropic grain boundaries where the shape of the grain boundary is
concerned. Like in the case of the external surface of the crystal, some of the
orientations of the grain boundary fit the minima of the surface tension. If
the misorientation of the grains corresponds to a special one, such orientations
can be called orientations of good coincidence, or good orientations.

For small deviations from the good orientation in a crystal compensating
steps might appear at the grain boundary, much like the steps on the exter-
nal surface of the crystal. The second possible configuration is macroscopic
facets, oriented along the nearest good orientations (Fig. 1.44). The equilib-
rium configuration should include only one facet of such a kind, because the
total length of the grain boundary along all the rectilinear sections does not
depend on the number of facets and each zigzag introduces additional energy
to the system. (The driving force of disappearing for the “additional” facets
drops down with increasing size. So the final state with one zigzag should be
observed in experiments.)

The shape of a special grain boundary having regard to the anisotropy of its
surface tension was considered in [158]. The external geometrical condition,
imposed on the system, is that the grain boundary is locked in the points A
and B (Fig. 1.44). Let 1 and 72 be the surface tensions of two adjacent good
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orientations, let the angle between these orientations be ¥, «; and v, the en-
ergies of the steps related to their heights hy and ho. If the grain boundary is
isotropic its equilibrium shape represents the part of the straight line, which
connects the points A and B in the two-dimensional case. If the surface tension
is strongly anisotropic (y1 > 72, 72 > 71), the formation of steps is energeti-
cally not favorable. The equilibrium configuration, corresponding to this case,
consists of facets in the planes of good orientations. If 73 < 72, 2 < 71, the
formation of steps in this case is energetically possible, the shape of the grain
boundary resembles the arrangement of steps AB. There is no sole element
in the described picture, i.e. the interaction of the steps. The question arises
whether the appearance of qualitatively new configuration is conceivable if
this factor will be taken into consideration. The calculation shows that it is
possible.
The energy of a grain boundary can be written as

E =~ (f1 — x1) + x2%1 + x2€167 + 72 (2 — x2) + X172 + x16265  (1.239)

where &1, &, are the ratios of heights hi, hs to the distances between the
steps, respectively; the constants €; and €2 describe the interaction intensity
between the steps; the sense of the lengths ¢, f2, {1 and & is clear from Fig.
1.44. The interaction between the steps was assumed to be an elastic one, its
energy is inversely proportional to the square of the distance [159].

Thus, the problem is reduced to the search for values of & and & which,
by minimizing the expression (1.239), give non-vanishing values for the angles
@1 and @22

tan®;

b= sin ¥ — (cos ) - tan ©;

(1.240)

In this case, in accordance with the physical sense of the values £, the problem
is solved by the values of & which are in the range from 0 to 1.
The required conditions for aluminum are

oE .

v Yo —v1+ 38253 + 281§f =0
X1

oE .

Foiait iRt R 36167 + 26262 =0 (1.241)
X2

In [158] the simple situation is considered, where the “good orientation” is
the crystallographic equivalence

N=72=7 N=9=7 € =e=¢ (1.242)

Then the system (1.241) degenerates into

{35% +26 = a (1.243)

3 +28 =a
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where a = (v —7) /e.

For a < 0 the system does have positive solutions. This situation corre-
sponds to a pure facetting — there are no steps. For a > 5 both positive
solutions of (1.242) cannot be less than 1. This solution corresponds to the
absence of facets.

For 0 < a < 5 all solutions of Eq.(1.242) can be divided into two groups. The
first group can be related to solutions, which satisfy the condition &1 = & = &;
for the second group & # & = &, respectively. For & = & = £ = £ the cubic
equation

3¢ +28=a (1.244)

has one positive root in the interval 0 < a < 5. The consideration shows that
in the range 0 < &1,& < 1 the system (1.243) does not have unequal roots.

Thus, depending on the value of the parameter a = (v — 7) /¢, three qual-
itatively different versions of the equilibrium shape of the grain boundary are
possible.

1. a < 0— the grain boundary is split into facets which are located exactly
in the planes with special orientation;

2. a > 5 — there are no facets of the grain boundary;

3. 0 < a < b5 — facets contributed by steps deviate from the planes of good
orientation by definite angles.

The “magic” value a = 5 results from the assumption that the law of in-
teraction of the steps is valid for distances, which are comparable with the
interatomic ones. So, the exact value can be different, but the qualitative con-
sequences remain valid.

The possibility of an occurrence of the last situation mentioned was con-
firmed by electron microscopy investigations of the geometry of 180° and 60°
twin boundaries in films of Ag on mica [160]. It was found that the major
part of such grain boundaries is split into facets which are located in planes
close to the special orientation {112} but with a small angle of deviation of
+6° from these planes.
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1.6 Problems

PROBLEM 1.1
Use Carnot’s cycle to find the temperature dependence of grain boundary
surface tension.

PROBLEM 1.2

One of the disadvantages of a rivet as a structural connection element is the
change in its length with temperature. Due to thermal expansion the length of
the rivet increases, which weakens the connection, especially for base materials
with low thermal expansion. The proposed temperature-compensation rivet is
manufactured from a metal with a nanocrystalline grain microstructure. An
increase in temperature leads to grain growth which, in turn, decreases the
total grain boundary area in the rivet and the excess of grain boundary free
volume.

Determine:

(1) The change in the length of an Al rivet in the course of grain growth when
the mean grain size increases from Dy = 10 nm to D = 100 nm.

(2) The change in the length of the rivet due to two concurrent effects: grain
growth and thermal expansion.

(3) The stress in the rivet caused by grain growth and thermal expansion.
Grain boundary excess free volume V°* = 1.35-107m? /m?; thermal expan-
sion coefficient of Al a = 2-107°K™!; temperature increase AT = 200 K.

PROBLEM 1.3

Assume that the grain boundary excess free volume is the result of vacancy
adsorption. Compute for grain boundaries in Al:

(1) The adsorption constant B in the frame work of the Henry isotherm.

(2) The heat of adsorption Q.

Compare the value of the enrichment coefficient 5 = % with the diagram of
Seah and Hondros (Chapter 1).

Compare the value for the quantity B, extracted from the Henry isotherm,
with the value extracted from the Zhuchovitskii-McLean isotherm.

PROBLEM 1.4

Let us consider two cubic polycrystals in a furnace. One of them rests on
a support (bottom plate, etc.) whereas the second is suspended on a rigid
bracket (see Fig. 1.46).

(1) Calculate the increase in size of a polycrystal by the grain boundary excess
free volume; autoadsorption T'g = 6.4 - 10~%mol/m?, €y = 10~°m? /mol.

(2) Evaluate the equilibrium grain size after a long annealing time for these
polycrystals. Hint: take into account the influence of gravity.

(3) It is known that an isolated system cannot change by itself the position
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FIGURE 1.45
Two arrangements of a polycrystal in a furnace.

of the center of mass (center of gravity). During grain growth the center of
mass of a sample will shift since the specimen will expand in all directions.
How can these contradictory statements be reconciled?

PROBLEM 1.5

A nanocrystalline aluminum sample is quickly heated close to the melting
temperature T,.

(1) Determine the change of the melting temperature of a nanocrystalline Al
sample with mean grain size D = 10 nm; v = 0.45 J/mQ.

(2) Derive the Clausius-Clapeyron equation for the sample at the melting
point.

(3) Calculate dP/dT at the melting temperature for a mean grain size:

I D=5nm
II D=7nm
III D =25nm

Hint: The volume change during the phase transformation solid-liquid
AQSL = 0.066€2s.
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Structure of Grain Boundaries

“... A trifling matter, and fussy of me, but we all
have our little ways.”

“There must be somebody there, because somebody
must have said Nobody.”

— A.A. Milne

2.1 Terminology and Definitions

Grain boundaries are the lattice defects that have been known for the longest
time but they are also the least understood. A grain boundary separates
two regions of the same crystal structure but of different orientation. In very
coarse-grained materials it can be discerned by the naked eye if the surface is
properly prepared (Fig. 2.1). Our deficiency of fundamental knowledge of grain
boundaries is mainly due to their complex structure, which requires an exten-
sive mathematical description for its macroscopic characterization. Already
in the two-dimensional case four parameters are needed to define mathemati-
cally exactly a grain boundary (Fig. 2.2), namely an angle ¢ which describes
the orientation difference between the adjacent crystals (orientation relation-
ship), an angle ¥ which defines the spatial orientation of the grain boundary
“plane” (grain boundary orientation) with respect to one crystal and the com-
ponents t1, to of the translation vector t that characterizes the displacement
of the two crystals with respect to each other (translation vector). For the
three-dimensional case (the real case) one even needs eight parameters to un-
ambiguously define a grain boundary, namely three terms for the orientation
relationship, for instance the Euler angles 1, ®, @2, two parameters for the
spatial orientation of the grain boundary by means of the normal to the grain
boundary plane n = (ng,na,n3), with respect to one of the adjacent crys-
tals (keeping in mind that |n| = 1) and finally the three components of the
translation vector t = (t1,t2,t3). The properties, in particular energy and
mobility of a grain boundary, are, in principle, a function of eight parameters.
Five of these eight can be influenced externally, i.e. orientation relationship
and spatial orientation of the grain boundary. The translation vector will be
forced by the crystals such that the total energy will be minimal; however,

111
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FIGURE 2.1

Microstructure of recrystallized a-brass. The grain boundaries separate areas
of uniform orientation represented by a uniform shade of gray.

the vector t need not be unambiguous as evident from computer simulations.
To determine the dependency of grain boundary properties, for instance the
mobility, on the five macroscopic parameters, it would be necessary to keep
all parameters but one fixed and to systematically vary that free parameter.
In real life, however, only few of the external parameters are systematically
varied, and usually this is the orientation relationship in terms of a fixed ro-
tation axis and a variable angle of rotation, and for a given rotation axis and
rotation angle, the inclination of the grain boundary with regard to a refer-
ence position.

The orientation relationship between two crystal lattices is a transforma-
tion, which has to be applied to one of the crystals to make both crystal
lattices coincide. If a common origin is assumed, this transformation is a pure
rotation, since the relative positions of the crystal axes in both crystals are the
same. We will see in Chapter 6 that there are many ways to define a rotation.
Frequently the three Euler angles are used, but it is easiest to picture a grain
boundary when the rotation is represented in terms of an axis and angle of
rotation. In many instances it is very important to know the dependency of a
property on the rotation angle for a given rotation axis. In this case it would
be desirable to keep the crystallographic orientation of the grain boundary
plane constant in order to obtain the dependency on the rotation angle only.
If the grain boundary plane is perpendicular to the rotation axis, the bound-
ary is referred to as a twist boundary (Fig. 2.3a). In such a case the choice of
the grain boundary plane is unambiguous, no matter what the rotation angle
is. In contrast, grain boundaries are called tilt boundaries, if the rotation axis
is parallel to the grain boundary plane. Since there is an infinite number of
possible planes parallel to a given direction, there is an infinite number of tilt
boundaries for a given rotation. If the adjacent crystals are mirror images of
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\ boundary
FIGURE 2.2

Four parameters are needed to mathematically define a two-dimensional grain
boundary.

each other, then the grain boundary is referred to as a symmetric tilt bound-
ary (Fig. 2.3¢). All other tilt boundaries are called asymmetric tilt boundaries
(Fig. 2.3b). In a symmetric tilt boundary the grain boundary plane has equiv-
alent Miller indices with regard to both adjacent crystals; for instance in Fig.
2.3c the boundary normal would be (210); and (210)s for a 36.9° [001] sym-
metric tilt boundary. By definition, the normal to the grain boundary plane
must be perpendicular to the rotation axis for tilt boundaries. However, it
is impossible to keep the Miller indices of the grain boundary plane constant
when changing the angle of rotation. At least with regard to one of the crystals
this has to change corresponding to an asymmetric tilt boundary. Therefore,
to investigate boundary structure — property relationships it is sensible to
first confine oneself to symmetric tilt boundaries and then treat asymmetric
tilt boundaries as a deviation from the symmetric position.

As an example the dependency of grain boundary energy on the angle of
rotation for a (110) rotation axis in aluminum is given in Fig. 2.4 for sym-
metrical tilt boundaries. Obviously, there are orientation relationships with
particularly low energy boundaries. One example is the 70.5° (110) orien-
tation relationship, which is a particularly low energy boundary, namely a
coherent twin boundary. However, also when in both crystals a {311} plane is
parallel to the grain boundary, a very low grain boundary energy is observed.
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FIGURE 2.3

Relative orientation of grain boundaries and rotation axes for different types
of grain boundaries. (a) Twist boundary; (b) asymmetrical tilt boundary; (c)
symmetrical tilt boundary.
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FIGURE 2.4

Dependence of the energy of symmetrical (110) tilt boundaries in Al on the tilt
angle . The indices given in the figure are Miller indices of the corresponding
grain boundary planes (see text) (after [174]).

2.2 Atomic Structure of Grain Boundaries
2.2.1 Low-Angle Grain Boundaries

If the misorientation between adjacent grains is small (low-angle grain bound-
ary), then the boundary is entirely comprised of a periodic crystal dislocation
arrangement. This becomes obvious already from a simple soap froth model
of a boundary, but also has been confirmed by high resolution electron mi-
croscopy. Symmetric tilt grain boundaries consist of a single set of dislocations
(Burgers vector b) (Fig. 2.5a), where the dislocation spacing d decreases with
increasing rotation angle ¢ (Fig. 2.5b)

— = 2sin

b P
d 2

P (2.1)

For asymmetric low-angle tilt boundaries at least two sets of edge dislo-
cations are required, the Burgers vectors of which are perpendicular to each
other (Fig. 2.6a). The fraction of dislocations of the second set increases with
increasing deviation from the symmetric tilt boundary that is only comprised
of the first set of dislocations. If the grain boundary is composed only of the
second set of dislocations, another symmetric tilt boundary is obtained (Fig.
2.6b) which is normal to the symmetric tilt boundary that is comprised only
of the first set of dislocations (Fig. 2.6a). Low-angle twist boundaries require
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FIGURE 2.5

(a) Dislocation configuration of a symmetrical (100) low-angle grain bound-
ary with tilt angle ¢ in a simple cubic crystal. (b) Measured and calculated
dislocation spacing in a symmetrical low-angle tilt boundary in germanium.

at least two sets of screw dislocations (Fig. 2.7a). Mixed boundaries are com-
posed of dislocation networks of three Burgers vectors. This dislocation model
of low-angle grain boundaries, which is due to Read and Shockley [161], has
been frequently confirmed by transmission electron microscopy (Fig. 2.7b)
and is supported by measurements of grain boundary energy (Fig. 2.8).

The free energy of a low-angle grain boundary can be calculated exactly.
As shown by Read and Shockley [161] the stress field of a dislocation in an
infinite periodic arrangement is confined to a range in the order of the dislo-
cation spacing d. The energy of an edge dislocation per unit length, therefore,
reads
ub? d

——In — + E, 2.2
47T(1—V)n7‘0+ (22)

Ey=
1 — shear modulus, ¥ — Poisson ratio, 7g &= b — radius of dislocation core, E,
— energy of dislocation core. Correspondingly, for a symmetrical tilt boundary
with tilt angle ¢, the number of dislocations per unit length n = 1/d & /b,
and thus, the grain boundary energy per unit area

_e (w1 (A
ISTB = 5 (47T(1_U)lnsp+Ec>—<p(A B-1n p) (2.3)

with A = E./b and B = ub/4n(1 — v).
The curve in Fig. 2.8 was calculated according to Eq. (2.3) for Pb and Sn
and obviously agrees very well for ¢ < 15°.
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FIGURE 2.6

(a) Dislocation configuration of an asymmetrical low-angle tilt boundary with
tilt angle ¢ and inclination ®. (b) Symmetrical low-angle grain boundary
formed exclusively from second family dislocations.

(®)

FIGURE 2.7

(a) Explanation of the basic dislocation configuration of a low-angle twist
boundary. A single family of parallel screw dislocations results in a shear
deformation, but two perpendicular families of dislocations result in a pure
rotation. (b) TEM image of a low-angle twist boundary in a-Fe. The hexagonal
dislocation configuration is composed of screw dislocations with three different
Burgers vectors [165]
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FIGURE 2.8

Measured (points and dashed lines) and calculated (using the dislocation
model) (solid curves) energy of tilt boundaries in lead and tin (after [166]).

2.2.2 High-Angle Grain Boundaries

For low-angles of rotation the specific grain boundary energy (energy per unit
area) increases exactly as predicted by the dislocation model. For angles of
rotation in excess of 15°; however, measurements of grain boundary energy
reveal no further change with increasing rotation angle, in contrast to the
dislocation model which would predict an energy decrease for high-angles of
rotation (Fig. 2.8). For rotation angles larger than 15° the dislocation model
fails, because the dislocation cores tend to overlap. Thus, the dislocations lose
their identity as individual lattice defects so that Eq.(2.3) does not apply any
more. Therefore, grain boundaries with rotation angles in excess of 15° are
distinguished from the low-angle grain boundaries and are termed high-angle
grain boundaries. At first glance a high-angle grain boundary appears like a
zone with random atomic arrangement (Fig. 2.9). In fact, early models of grain
boundary structure assumed grain boundaries to represent an under-cooled
liquid. We will show below that this is a deception and that grain boundaries
do have a defined atomic structure. However, this very simple model of grain
boundary structure proves already that the thickness of a boundary can only
be on the order of a few atomic diameters, i.e. of atomic dimensions. Since
the grain boundary energy per atom ~* corresponds to the atomic heat of
melting ¢, = kT , where k is Boltzmann constant

nb
v = = kT (2.4)

and b is the atomic diameter and nb is the thickness of the boundary. With the
magnitude of grain boundary energy v ~ 0.5J/m?, we obtain n ~ 1. Although
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FIGURE 2.9
High-angle and low-angle tilt boundaries in a soap bubble model.

this model is certainly too simple to account for any structural dependence of
grain boundary properties, it is often useful for providing rough estimates of
thermodynamic properties of grain boundaries.

The island model proposed by Mott [162] and refined by Gifkins [163] was
a first attempt to account for grain boundary structure as observed by field
ion microscopy. In this model the grain boundary consists of perfectly crys-
talline islands floating in a perturbed environment, e.g. in an undercooled
melt. Again the model fails to properly predict grain boundary structure, but
it is the first and simplest model to treat grain boundary motion differently
from simple rate theory of jumps of individual atoms across the boundary as
proposed by Turnbull [164]. Rather, perfect islands comprising many atoms
may detach from and attach to the adjacent crystal boundaries. This depar-
ture from a single atom model to a cluster model will drastically increase
activation energy and entropy of grain boundary motion, as will be discussed
in Chapter 3.

Our current understanding of the structure of high-angle grain boundaries
is derived from geometrical concepts, based on dislocation models of low-angle
grain boundaries [35], [165]-[167]. A fundamental reason for the failure of the
lattice dislocation concept for larger angles of rotation is the requirement of a
strictly periodic dislocation arrangement to minimize grain boundary energy.
The spacing of dislocations, however, changes discretely, namely at least by
one atomic distance. What ensues is that the angle of rotation ¢ = b/d also
changes in steps rather than continually. For low-angles ¢, b > d so that ¢
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changes quasi-continually. For larger rotations the orientation difference be-
tween two consecutive periodic dislocation arrangements becomes substantial.
If, for instance, there is an arrangement with dislocation spacing d = 4b, then
¢ = 14.3°. Changing the dislocation spacing to three atomic spacings requires
an angle of rotation of ¢ = 19.2°. Therefore, the problem arises of what is the
grain boundary structure for 14.3° < ¢ < 19.2°, or, in general, between rota-
tions that represent a periodic arrangement of (primary) crystal dislocations.

In a perfect crystal the atoms have a defined (average) position, which is de-
termined by the minimum of the free energy. Any deviation from this position
necessarily increases the free energy. Therefore, it can be assumed that the
crystal will try to keep the atoms as much as possible in their ideal position,
also in the grain boundary. There are orientation relationships, where crys-
tallographic planes continue through the grain boundary from one crystal to
the other, i.e. there are atomic positions in the grain boundary which coincide
with ideal positions of both adjacent lattices. Such lattice points are called
coincidence sites. Since the orientation relationship between the adjacent crys-
tals is described by a rotation, it can be investigated under what conditions
coincidence sites will occur. A simple example (Fig. 2.10) is a rotation of
36.87° about a (100) axis in a cubic lattice (respectively — 53.13° because of
the 90°(100) crystal symmetry). If we consider the atomic positions of both
adjacent lattices in a (100) grain boundary plane, i.e. perpendicular to the ro-
tation axis (right part in Fig. 2.10) then the occurrence of many coincidence
sites is evident. Since both crystal lattices are periodic, the coincidence sites
also must be periodic, i.e. they also define a lattice, the coincidence site lattice
(CSL). The elementary cell of the CSL is larger than the elementary cell of
the crystal lattice, of course. As a measure for the density of coincidence sites
or for the size of the elementary cell of the CSL, we define the quantity

5 volume elementary cell of CSL 25)
~ volume elementary cell of crystal lattice ’

2
For the rotation 36.87°(100) is ¥ = “(“af’) = 5 (Fig. 2.10).

Fig. 2.10 is only a very simple two-dimensional case. In reality the coinci-
dence site lattice is a three-dimensional lattice, the generation of which can
be imagined as follows. We take a crystal lattice, each lattice point of which
carries two atoms, for instance one round and one triangular like in Fig. 2.10.
Now we rotate the triangular atoms while the round atoms remain unchanged.
Of course, the origin for the axis of rotation is a lattice point. After this rota-
tion there are again lattice points where triangular and round atoms coincide.
These are the coincidence sites and because of the periodicity of the crys-
tal lattices they generate a three-dimensional lattice, the CSL. To apply this
crystallographic construct to grain boundaries, we have to define the spatial
orientation of the grain boundary plane. Having defined this plane, we remove
on one side of the plane the round atoms, on the other side of the plane the
triangular atoms. This generates a bicrystal with a boundary, and the struc-
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FIGURE 2.10

Coincidence site lattice (CSL) and structure of a 36.9°(100)(X = 5) grain
boundary in a cubic crystal lattice. Right side of figure: grain boundary plane
|| plane of the paper (twist boundary); Left side of figure: grain boundary
plane L plane of the paper (tilt boundary).

ture of the boundary is given by the atoms located in the boundary. If
good fit of the atoms — and coincidence sites represent atoms with ideal fit
— is associated with a low energy, we can expect that the grain boundary
strongly favors running through coincidence sites rather than non-coincidence
sites. Grain boundaries between crystallites which have an orientation rela-
tionship corresponding to a high density of coincidence sites are called CSL
boundaries or special boundaries. The smaller the ¥ (which is always an odd
integer), the more ordered is the grain boundary. Low-angle grain boundaries
can be characterized by 3 = 1, since almost all lattice points, except for the
atoms of the dislocation cores, are coincidence sites. Grain boundaries be-
tween crystallites with twin orientation relationship are defined by ¥ = 3,
and in the coherent twin boundary all lattice sites are coincidence sites. This
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TABLE 2.1

Rotation angle ¢ for lattice
coincidence with ¥ < 100 in a cubic
lattice with (100) axis of rotation.

%) by
8.80 85
10.39 61
12.68 41
14.25 65
16.26 25
18.92 37
22.62 13
25.06 85
25.99 89
28.07 17
30.51 65
31.89 53
36.87 5
41.11 73
42.08 97
43.60 29

is not a contradiction to ¥ = 3, since the CSL is a three-dimensional lattice
which also extends perpendicular to the grain boundary, and only every third
plane parallel to the coherent twin boundary is in perfect coincidence. This is
evident for the fcc lattice when the coherent twin boundary is a {111} plane.
Because of the stacking sequence ABC of {111} planes, a coincidence of the
3D crystal lattices will produce coincidence sites only in every third plane
parallel to the coherent twin {111} boundary.

If we want to apply this crystallographic concept to real grain boundaries,
there is the fundamental problem that the coincidence site lattice occurs only
for very special defined rotations, and ¥ does not change continually with
the angle of rotation (Table 2.1). This problem is entirely complementary to
the requirement of a discrete change of the angle of rotation in order to ob-
tain a periodic crystal dislocation arrangement as described above. In essence,
a strictly periodic arrangement of crystal dislocations is absolutely identical
with the relaxed structure of a CSL grain boundary (Fig. 2.11). However,
even for tiny deviations from the exact rotation relationship the long range
coincidence gets lost. In much as the crystal tries to compensate a small mis-
orientation by a periodic arrangement of crystal dislocations, we expect that
the bicrystal will try to maintain its ideal fit and to compensate deviations
from this perfect fit by localized perturbations, i.e. dislocations. These dislo-
cations need to have a Burgers vector, which will conserve the CSL as much
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as lattice dislocations conserve the crystal lattice when forming a low-angle
grain boundary. As in the most trivial case the CSL will not be changed, if
dislocations are introduced, the Burgers vectors of which are lattice vectors
of the CSL. Equivalently, it is possible that the Burgers vector would be a
vector of the crystal lattice. However, the elastic energy of dislocations in-
creases with the square of the Burgers vector: Eq ~ b%. Therefore, the energy
of the grain boundary would increase dramatically if dislocations with a very
large Burgers vector would be implemented into the grain boundary. How-
ever, the density of coincidence sites will determine only the energy, not their
location. As a consequence we can relax the requirement that the location of
the coincidence sites has to be conserved. There are very small vectors which
conserve the size of the CSL if the location of the coincidence sites are allowed
to change. The displacement vectors which satisfy this condition define the so-
called DSC lattice. DSC is the abbreviation for displacement shift complete.
This means that the CSL will displace as a whole, if one of the two adjacent
crystal lattices is shifted by a translation vector of the DSC lattice. The DSC
lattice is the coarsest grid, which contains all lattice points of both crystal
lattices (Fig. 2.12). Of course, all translation vectors of the CSL and the crys-
tal lattices are also vectors of the DSC lattice, but the elementary vectors of
the DSC lattice are much smaller. Since the dislocation energy increases with
the square of the Burgers vector, only base vectors of the DSC lattice qual-
ify for Burgers vectors of the so-called secondary grain boundary dislocations
(SGBDs). Dislocations with DSC Burgers vectors are referred to as SGBDs,
in contrast to primary grain boundary dislocations, which are crystal lattice
dislocations, the periodic arrangement of which generates the CSL.

SGBDs are confined to grain boundaries, since their Burgers vectors are not
translation vectors of the crystal lattice and their introduction in the crystal
lattice would cause a local destruction of the crystal structure. With regard
to their geometry and correspondingly, to their elastic properties, secondary
grain boundary dislocations can be treated like primary dislocations. As much
as primary dislocations can compensate a misorientation of the perfect crys-
tal by a low-angle grain boundary, so much can secondary grain boundary
dislocations compensate an orientation difference to a CSL relationship while
conserving the CSL. Since SGBDs also have an elastic strain field as does any
dislocation, they can be imaged in a TEM (Fig. 2.13). The larger the orien-
tation difference to the exact coincidence rotation, the smaller the spacing of
the SGBDs according to Eq. (2.1).

SGBSs can be treated with regard to their geometrical and elastic proper-
ties like ordinary dislocations except for their much smaller Burgers vectors
bp. The orientation difference Ay to the reference CSL orientation relation-
ships is described in complete analogy to Eq. (2.1) by their spacings dgp

bp
Ap dan (2.6)
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FIGURE 2.11

Relationship between the coincidence site lattice and the primary dislocation
structure at a grain boundary. If two identical, interlocking lattices (a) are
turned symmetrically toward each other about an axis perpendicular to the
plane of the page (b), a coincidence site lattice forms. The coincidence points
are marked by overlapping circles and squares. The associated configuration
of the resulting double dislocation is relaxed along the boundary (c¢), and the
structure of a symmetrical low-angle tilt boundary forms (d).
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FIGURE 2.12
Coincidence site lattice (CSL) and DSC lattice at 36.9°(100) rotation in a

cubic lattice.
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FIGURE 2.13
Grain boundary dislocations in a tilt boundary in stainless steel (after [175]).

Correspondingly, the energy of a periodic SGBD arrangement v(Ay) adds on
to the energy of the reference CSL structure, according to Eq. (2.3)

() =7 +7(Ap) =7 + Ap (A — By In Ap) (2.7)
with A, = E¢/bp and By = 4125

The observed cusps of grain boundary energy at CSL orientation relation-
ships (Fig. 2.4) are actually caused by the infinite slope of v(A¢) for Ap — 0
owing to the logarithmic dependency.

A special property of the SGBDs is that at the location of the disloca-
tion core the grain boundary usually has a step (Fig. 2.14). This step is a
consequence of the fact that the CSL is displaced when an SGBD is intro-
duced. If an SGBD moves along the grain boundary, the step moves along
with the dislocation and thus, the grain boundary is displaced perpendicular
to its plane, i.e. the grain boundary will migrate by the distance of the step
height. A fundamental property of all dislocations is that they cause a shear
deformation upon their motion. Therefore, the motion of a grain boundary
dislocation will always cause a combination of grain boundary migration and
grain boundary sliding. In the case that the Burgers vector of the SGBD is
parallel to the grain boundary plane the dislocation needs only to glide to have
the grain boundary displaced. This is the case, for instance, in symmetrical
tilt grain boundaries (Fig. 2.14a). If the Burgers vector is inclined to the grain
boundary plane, the dislocation can only move by a combination of glide and
climb (Fig. 2.14b), which requires the diffusion of vacancies, and, therefore, is
a thermally activated process.

The concept introduced is based on geometrical arguments only. Such a con-
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(@) (b)

FIGURE 2.14

Atomic configuration of a grain boundary edge dislocation at a ¥ = 5 grain
boundary in an fcc lattice. (a) Burgers vector parallel to the grain boundary.
(b) Burgers vector inclined to the grain boundary (after [168]).

sideration cannot make predictions about the force equilibrium of the atomic
arrangements considered. This problem can only be solved by computer sim-
ulations, which allow us to calculate the position of the atoms at an equilib-
rium of interatomic forces, i.e. by relaxation of the geometrical arrangement
[35],[167]-[169] (Fig. 2.15). In contrast to the basis of the geometrical consider-
ations, coincidence almost always gets lost upon relaxation, but the periodicity
remains and that means the conceptual framework is still correct. A more de-
tailed analysis reveals that the arrangement of atoms in the grain boundary
can be described by polyhedra, and surprisingly enough, only seven differ-
ent polyhedra are necessary to describe all possible arrangements of atoms in
a grain boundary [170] (Fig. 2.16). These polyhedra represent characteristic
structures of the grain boundary and are therefore referred to as structural
units. Computer simulations prove that grain boundaries of particularly low
energy consist of only one type of polyhedron. If the orientation relationship
is slightly changed, other structural units (polyhedra) will be introduced into
the structure, and these new structural units are identical with the cores of
the SGBDs (Fig. 2.17). With increasing misorientation the density of the new
structural units increases until they finally will represent the majority and
therefore, on further rotation, the grain boundary structure will eventually
consist of only this type of polyhedron. This structural unit concept of grain
boundaries and its dependence on orientation relationship represents our cur-
rent conception of grain boundary structure [171]. The computer simulations
of grain boundary structure have also been confirmed by high resolution elec-
tron microscopy [172, 173] (Fig. 2.18). Of course, these are considerations

© 2010 by Taylor and Francis Group, LLC


http://www.crcnetbase.com/action/showImage?doi=10.1201/9781420054361-c2&iName=master.img-206.jpg&w=110&h=146
http://www.crcnetbase.com/action/showImage?doi=10.1201/9781420054361-c2&iName=master.img-206.jpg&w=110&h=146

128 2 Structure of Grain Boundaries

FIGURE 2.15

Structure of a symmetrical 36.9°(100)(X = 5) tilt boundary in aluminum,
calculated by computer simulation: (a) Configuration after rigid rotation of
the crystallites, (b) and (c¢) structure of grain boundaries after relaxation.
The staggered vertical lines at the grain boundary indicate the shift of the
crystallites. Hence, for a given misorientation there can be more than one
structure (after [168]).

LA
7

FIGURE 2.16

The seven different Bernal structures that grain boundaries (in structures
formed of hard spheres) can consist of: («) tetrahedron; (3) octahedron;
() trigonal prism; () truncated trigonal prism; (¢) archimedean square an-
tiprism; (€) truncated Archimedean square antiprism; (1) pentagonal double
pyramid (after [170]).
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FIGURE 2.17

Calculated dependence of grain boundary structure on the tilt angle of a sym-
metrical (100) tilt boundary in aluminum for various tilt angles. For every tilt
angle there is a certain arrangement of structural units (A,B,C). If this ar-

rangement is interrupted, this forms a grain boundary dislocation (illustrated
for ¥ = 41) (after [171]).
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FIGURE 2.18

Atomic structure of a 37 boundary in aluminum: (a) HREM image; (b) sim-
ulated HREM image using the relaxed grain boundary structure; and (c)
computed by molecular dynamics [173].

which do not include the thermal agitation of atoms. In fact, the structure
may change at high homologous temperatures, when entropy becomes impor-
tant, and, indeed, structural phase transformations of low ¥ CSL boundaries
(special boundaries) have been reported. Molecular dynamics computer sim-
ulations are now being employed to address this important issue.
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2.3 Problems

PROBLEM 2.1
Compute the surface tension of a low-angle (112) symmetrical tilt grain
boundaries in Al with following angle of misorientation ¢: 0.5°; 3°; 5°; 8°.

PROBLEM 2.2
Find the equilibrium angles at a triple junction with the following grain
boundary energies v = 0.323 J/m2; vo = 0.620 J/m2;73 = 0.460 J/m2
(see Fig. (2.19)).

Y

oy
Y Y3

FIGURE 2.19
Equilibrium of three grain boundaries at a triple junction.

PROBLEM 2.3

Consider a grain boundary to be a supercooled liquid. Use the Clausius-
Clapeyron equation to find the pressure which should be applied to the grain
boundary from the bulk to maintain the grain boundary in a liquid state for:
Al (at 400°C); Pb (at 100°C); Au (at 600°C).

PROBLEM 2.4
Prove that in a uniform 2D grain boundary system a quadruple junction is
unstable.

PROBLEM 2.5

In problem 2.4 it was shown that for uniform grain boundaries quadruple
junctions in a 2D grain boundary system are unstable.
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FIGURE 2.20
System of grain boundaries with quadruple junction.

Do
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FIGURE 2.21
Sample with a bamboo grain boundary microstructure.

(a) Find the conditions under which it is possible to maintain a quadruple
junction in the configuration given in Fig. 2.3.

(b) Assume that the Burgers vectors of the grain boundary dislocations are
the same. Find the misorientation of a grain boundary with surface tension
s, if the misorientation of the first grain boundary is 5°.

(¢) Do the same as in (b) but for a misorientation of p; = 8°.

PROBLEM 2.6

Given a sample with a bamboo structure composed of equidistant low-angle
grain boundaries with uniform misorientation angle ¢q (Fig. 2.21). Grain
growth is assumed to take place by unification of two neighboring grain bound-
aries.

(a) Show that such a process decreases the free energy of the system.

(b) Calculate the driving force for such grain growth.
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FIGURE 2.22
Geometry of thin-walled pipe with radius r and length z.
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FIGURE 2.23
Grain boundary in a thin film which is considered as a beam.

(¢) Determine the condition when this specific grain growth will be arrested.
(d) Find the grain size Az, for this condition.

PROBLEM 2.7

A thin-walled pipe of circular cross section (R = 0.5 cm, wall thickness §) is
twisted by the moment M. Find the length z( for a given twist angle Ay
which makes it energetically advantageous to form a twist grain boundary
with misorientation angle Ap (see Fig. 2.22).

PROBLEM 2.8

Consider a thin film with a grain boundary which divides two free surfaces
with different surface tension. Two edges of the boundary are clamped, so
that the grain boundary can be bent (see Fig. 2.23).

Consider the grain boundary as an elastic beam to define:

(a) the free energy of the system expressed as a functional of the boundary
shape;

(b) the elastic modulus of the grain boundary.
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Grain Boundary Motion

“I am not a little pleased that this Work of mine
can possibly meet with no Censures: For what
Objections can be made against a Writer who
relates only plain Facts.”

— Jonathan Swift

3.1 Fundamentals

Grain boundaries separate regions of the same phase and crystal structure but
different orientation. A displacement of a grain boundary is entirely equiva-
lent to the growth of one crystallite at the expense of the shrinking neighbor.
In this sense the grain boundary constitutes the contact area of the internal
surfaces of adjacent grains. The association of grain boundary motion with
the displacement of the internal crystallite surfaces distinctly distinguishes
grain boundary motion from a diffusive flux of atoms across the boundary. Of
course, a non-zero atomic flux across the boundary will make one grain shrink
(the emitting grain) and the other grain grow (the receiving grain), and with
regard to an external reference frame opposite faces of a bicrystalline speci-
men would move (Fig. 3.1), but the grain boundary would remain stationary.
Thus, diffusion across a grain boundary does not necessarily correspond to
grain boundary motion with a displacement of crystallite surfaces. It is ev-
ident that grain boundary motion consists of the generation of lattice sites
at the surface of the growing grain and conversely a destruction of lattice
sites at the surface of the shrinking grain. Effectively, grain boundary motion
comprises the non-zero net exchange of lattice sites across the boundary (Fig.
3.2).

In line with the definition given in Chapter 1 we shall consider the grain
boundary as a layer of defined thickness comprising a phase with a specific
atomic arrangement, and we associate properties like energy, entropy or mobil-
ity with this phase. However, one should keep in mind that in reality the grain
boundary is only the location of a discontinuity of crystal orientation, defined
by the mutually constrained adjacent internal crystallite surfaces. That the
proposed simplified definition can cause problems is obvious from the fact
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FIGURE 3.1

Diffusion across a grain boundary (left) and grain boundary motion (right)
will displace a boundary with regard to an interior sample reference. Boundary
motion will also displace the boundary with regard to an external reference.

FIGURE 3.2
Grain boundary motion deletes and generates lattice sites on the surface of
the shrinking and growing grain, respectively.
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that grain boundary mobility can be different for motion in opposite direc-
tions, as observed recently. Nevertheless, following conventional perception we
shall tacitly assume the grain boundary to have specific but unique properties,
except as otherwise noted.

Despite extensive treatment in the literature, there is no real theory of
grain boundary migration. Rather, virtually all theoretical attempts to de-
scribe grain boundary motion are based on simple rate theory of atoms cross-
ing the grain boundary with net energy gain. It is tacitly assumed that the
atom detaching from a crystal to join the opposite surface destroys a lattice
site rather than creating a vacancy and that its attachment to the adjacent
crystal surface generates a new lattice site rather than eliminating a vacancy.
With these prerequisites grain boundary motion is reduced to the diffusive
motion of atoms across the grain boundary. In Sec. 3.8 we shall discuss vari-
ous mechanisms of grain boundary motion. In the simplest case, if the grain
boundary is narrow, i.e. can be crossed by a single atomic jump, and each
transferred atom displaces the boundary by the diameter of an atom, b, the
grain boundary velocity reads [164, 176]

v=b(Ty —T_) (3.1)

where ') and I'_ are the jump frequencies in the respective directions. If
there is no Gibbs free energy differential between the adjacent crystals, the
net flux I'y — I'_ = 0, and the boundary will not move. If the Gibbs free
energy of both crystals per unit volume is different, the driving force P is
equal to

Then each atom of volume Q, ~ b3 will gain the free energy Pb? when becom-
ing attached to the growing grain but has to expend this free energy when
moving in the opposite direction. The corresponding free energy variation
across the boundary is schematically shown in Fig. 3.3. Correspondingly

— pp3
Gt G, Pb

v=>0 (mrekT - u_ekT) (3.3)

If the attack frequencies v = v_ = v ~ vp (vp — Debye frequency) and the
migration free energy G, is the same in both jump directions, then

b3

v= bVDe_G’T? (1 — e_I’DTT) (3.4)

For all practical cases, including recrystallization in heavily cold worked met-
als!, Pb® < kT at temperatures where boundaries are observed to move

1For heavily cold worked metals P = 10 MPa. For Al kT = 10~20J at T' = 0.8T}, = 450°C,
i.e. with b = 3-1071%m; Pb3/kT = 0.01. It is noted at this point that in molecular
dynamics simulations where very high driving forces are applied to make the boundary
noticeably move in the small time interval allowed, this approximation may not hold.
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FIGURE 3.3
The free energy of a moving atom changes by the driving force Pb3 when it
crosses the boundary. G, is the free energy barrier for bulk diffusion.

(T > 0.3T,,) and, therefore,

Py’ Py
which yields
b4 m

where m is referred to as grain boundary mobility.

This very simple model may be refined by assuming the detachments to
occur in a sequence of steps or that thermal grain boundary vacancies have
to assist diffusion [177]; however, these modifications will only modify the
preexponential factor mg and the activation enthalpy H of the mobility
m = moe H/*T but the proportionality between migration rate v and driving
force P remains unaffected. Moreover, in this simple model the activation free
energy for the diffusive jump across the boundary is assumed to correspond
to the activation energy for volume diffusion. This will be an upper bound
for the activation energy for grain boundary motion in pure metals, since the
excess free volume in the grain boundary ought to facilitate diffusion and thus
lower the activation energy. Frequently, the activation energy for grain bound-
ary motion is assumed to equal the activation energy for diffusion along grain
boundaries, which is on the order of half the activation energy for volume
diffusion. Since diffusion along boundaries involves quite different activated
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FIGURE 3.4
Structure of a wide (a) and narrow (b) grain boundary (schematically).

stages than diffusion across boundaries, this may be an invalid assumption?.

Several theoretical approaches have assumed a wide grain boundary struc-
ture, which implies that there is a layer of undercooled melt between the
crystallite surfaces [178, 179] (Fig. 3.4). Although grain boundary structures
computed even for high ¥ CSL boundaries (see Chapter 2) and observed in
the HREM do not support this structure hypothesis, there may be special
cases where this concept applies, e.g. for alloys with strongly segregating, low
melting point solutes, like Ga or Pb in Al.

In such instances, grain boundary motion consists of three consecu-
tive stages, namely detachment from the shrinking grain surface, transport
through the grain boundary and attachment to the surface of the growing
grain. The first and third steps have been considered above for the narrow
boundary. Frequently, the transport through the boundary is considered to be
a diffusive flux. This is wrong, however. There may be a random diffusive flux
in the boundary, but it is irrelevant for the migration of the boundary. Since
the boundary moves during the transfer of atoms, the attaching grain surface
will eventually scavenge the detached atom, even if the latter does not move
at all after its detachment. Therefore, the flux through the boundary is only
the convection flux

Je =0/ Zv/b3 (3.7)
owing to the motion of the boundary. An observer attached to the bound-

ary would see only this convection flux, and for steady state motion of the

2Since grain boundary mobility is strongly affected by segregated impurities, and since real
materials are never absolutely pure, there is no actual measurement of the grain boundary
mobility in pure metals to date. This issue, therefore, remains unresolved, so far.
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grain boundary this flux is constant. However, as pointed out above, real
grain boundary structures in pure metals are narrow boundaries, and thus
grain boundary motion is unlikely to be accounted for by evaporation and
condensation of atoms on the intercrystalline surfaces.

3.2 Driving Forces for Grain Boundary Migration

The driving force for grain boundary migration P has the dimension of en-
ergy per unit volume, which is conceptually equivalent to a pressure — a force
acting per unit area on a grain boundary. There are various sources of driving
force (Table 3.1). In general, a driving force for grain boundary migration
occurs if the boundary displacement leads to a decrease in the total free en-
ergy of the system. In principle, a gradient of any intensive thermodynamic
variable offers a source of such a driving force: a gradient of temperature, pres-
sure, density of defects, density of energy (for example, an energy of elastic
deformation), contents of impurity, a magnetic field strength and so on. How-
ever, not all theoretically possible driving forces can be practically realized.
To study grain boundary motion the following driving forces are relevant.

(1) An excess density of defects (e.g. dislocations) in one of the adjoining
grains is a powerful source of a driving force. There are several advantages
to this type of driving force: the ease of fabrication, excellent reproducibil-
ity, variation in the magnitude of driving force within a wide range up to
a very large force (P = pub?/2, where b is the Burgers vector, p the shear
modulus, and p the dislocation density). For p ~ 10® m=2, p = 10! J/mB7
b? =2 1071 m?, P =107 J/m3 = 10 MPa. These advantages as well as their
relevance for recrystallization processes explain the widespread use of this
kind of driving force in spite of essential drawbacks — e.g. instability of P
during annealing owing to recovery, local variation of dislocation density etc.
(2) The energy of high-angle grain boundaries like in the classical experi-
ments of [180]—[182]. The authors emphasized that their observations proved
that the striation substructure provided the driving force for grain bound-
ary migration, since migration of a grain boundary frees the crystal from
the striations. Actually, these striations represented grown in low-angle grain
boundaries and thus, the driving force corresponded to the energy of these
low-angle boundaries. Aust and Rutter estimated the driving force to be on
the order of 4 -10~* MPa.

This kind of driving force can be considered as relatively reproducible and
sufficiently stable. The magnitude of the driving force cannot be changed over
a wide range, however. Furthermore, it was believed that a major advan-
tage of this driving force was the possibility of studying the motion of a flat
grain boundary, to which, strictly speaking, all microscopic theories of grain
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TABLE 3.1
The driving forces for grain boundary migration
Estimated

Source Equation Approximate value driving

of parameters force
Stored P = Lpub? p = dislocation density 10
deform- ~ 101%/m~—2 (MPa)

2

ation 17 — dislocation energy
energy ~107% J/m
Grain P = %’Y v = grain boundary energy 102
boundary ~ 0.5 J/m? (MPa)
energy R = grain boundary radius

of curvature ~ 10~ m
Surface P = % d = sample thickness 2.1074
energy ~1073m (MPa)

A~?® = surface energy

difference of two neighboring

grains ~ 0.1 J/m?
Chemical P = R(T1 —Tp) cp = concentration 6-102
driving «co In cp = max. solubility at Tp (MPa)
force Ty (< Tp) annealing

temperature

(5% Ag in Cu at 300°C)

: _ moH?Ax o1 T —4
Magnetic P = £0=5=% Material: bismuth 3.5-10
field - (cos?©1 — cos?©;) H = magnetic field (MPa)

strength (107A/m)

Ax = difference of

magnetic susceptibilities

~ 1.8-1077 (250°C)

O angle between c-axis

and field direction

0; =0° O =90°
Elastic P= %2 (E% E% 7 = elastic stress ~ 10 MPA  2.5-107%
energy E,, E5 = elastic moduli of (MPa)

neighboring grains ~ 10°MPa
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Estimated
Source Equation Approximate value driving
of parameters force
Tempera- P = % AS = entropy difference 4-107°
ture between grain boundary (MPa)
gradient and crystal (approx.

equivalent to

melting entropy)
~8-10% J/K-mol

grad T' = temperature
gradient ~ 10* K/m
2\ = grain boundary
thickness ~ 5-107° m
), = molar volume

~ 10 c¢m?/mol

boundary motion are related. As found recently, however, the triple junction
of a moving high-angle boundary and consumed low-angle boundaries exerts
a drag on the moving boundary and thus renders the interpretation of the
measured results uncertain [183].
(3) It was mentioned above that the driving force for grain boundary motion
can be considered as a pressure on the boundary from the grain with smaller
energy density. The driving force in several methods of investigation of grain
boundary motion is exerted by the pressure difference Ap on both sides of the
grain boundary

P=Ap (3.8)

Usually, the pressure difference Ap stems from the difference of capillary forces
on both sides of a curved grain boundary. A capillary pressure is equal to

1 1
Ap—’y(Rl +R2> (3.9)
where 7 is a surface tension [184], R; and Rs are the main radii of curvature?.
Experimental procedures to study grain boundary migration by using the
free energy of the grain boundary itself as a driving force offer a number
of advantages, namely the possibility to control and to change the driving
force, a good reproducibility, and a good stability at a given temperature.
The magnitude of the driving force is on the order of 10=% — 1073 MPa.
(4) The anisotropy of any physical property, e.g. the elastic constants or the
magnetic susceptibility, can be utilized as a source of driving force for grain
boundary migration. The origin of the driving force for boundary migration

3Relation (3.9) is valid for an isotropic grain boundary.
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in a magnetically anisotropic material was considered by Mullins [185]. If the
volume density of the magnetic free energy w in a crystal induced by a uniform
magnetic field is independent of crystal shape and size and the susceptibility
¢ < 1 then the magnetic driving force acting on the boundary of two crystals
that have different susceptibilities is given by

po H?
2

P =gmi—gm2= (x1 = x2) (3.10)
where & and &> are the susceptibilities of crystals 1 and 2, respectively, parallel
to the magnetic field H. In the case of Bi, which is magnetically anisotropic
with £ < 1, Eq. (3.10) reads

P= MO%HQ (cos2 ©1 — cos? @2) (3.11)

where ©; and O are the angles between the direction of the magnetic field
and the trigonal (or ¢ or (111)) axes in both grains of the Bi bicrystal, A
is the difference of susceptibilities parallel and perpendicular to the trigonal
axis. The pressure P is directed toward the grain with the larger value of ©
and does not depend on the sign of the magnetic field.

Bismuth is a suitable material for investigation of grain boundary migration
by the magnetic method, since it is magnetically anisotropic with different sus-
ceptibilities parallel and perpendicular to the trigonal (or ¢ or (111)) axis (at
22°C x| = 1.05-107% and x, = 1.48-107° [186]) and, what is of importance,
the susceptibilities of Bi, as shown by Kapitza [187, 188], do not depend on
H up to 2-107A/m, and the energies associated with magnetostriction at
0.8 - 10"A/m are less than 1% of the magnetic free energies and thus can be
neglected. The driving force obtained for this method is rather small: at a
field strength of H = 1.63 - 107A/m the driving force is about 3.5-10~* MPa
[189].

The measurement of boundary motion under a constant magnetic driv-
ing force provides a unique opportunity to determine the absolute value of
grain boundary mobility. In contrast, experiments using other driving forces,
like low-angle boundaries or dislocations, need a very accurate estimate of the
subboundary or dislocation energy, which is, however, uncertain. Experiments
with curved grain boundaries allow us to determine grain boundary mobility
to an accuracy of the surface tension « of the grain boundary [190, 191]; the
grain boundary also is not planar. The other significant advantage of a mag-
netic driving force is the possibility of varying it by changing the position of
the sample with regard to the magnetic field. However, the main advantage of
the magnetic method is that it permits us to measure the migration of planar
grain boundaries [189, 192]. The major disadvantage is the restriction of this
method to materials with a large magnetic anisotropy.

(5) The anisotropy of surface tensions of the free surfaces of a bicrystal rep-
resents a source for driving grain boundary migration. If the crystallographic
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planes that constitute the surfaces of the adjoining grains in a bicrystal have
a different surface tension Av?®, the boundary feels a driving force

P =2A~/) (3.12)

where A is the thickness of the crystals. Decreasing the thickness, e.g. by fab-
rication of a thin sheet, not only increases the driving force, but, as will be
shown below, a drag from the free surface. It is felt that the optimal value of
P in this case is about 10=% MPa.

The list of potential driving forces for grain boundary migration is very
long and cannot be comprehensively covered here. Other major driving forces
are: a temperature gradient (VI (P = ASSVT/(Q,)), where AS is the en-
tropy difference between the bulk of a grain and the grain boundary, J is the
grain boundary thickness, and {2, the molar volume. Under optimal condi-
tions VT 22 10° K/m, AS ~ AS,, ~ R, P =2 10~° MPa; an anisotropy of the
elastic constants (P = 72/[2-[1/(E1) — 1/(E2)]]), where 7 is the stress, Fy,
FE5 are Young’s moduli of the differently oriented crystals. For a stress on the
order of 10 MPa one obtains a driving force P = 107° — 104 MPa.

The origin of these driving forces and their approximate magnitudes are
listed in Table 3.1.

3.3 Drag Effects During Grain Boundary Motion
3.3.1 Origin of Drag Effects

Whenever there is an interaction between a grain boundary and other imper-
fections in the crystal, this interaction will affect grain boundary motion. Such
imperfections can be vacancies, dislocations, interface boundaries or external
crystal surfaces. Their interaction with the grain boundary is of very different
nature and thus will be treated in separate sections below.

3.3.2 Impurity Drag in Ideal Solute Solutions

It is a common experience that grain boundary motion progresses much faster
in pure metals than in alloys, even dilute alloys. This must be due to the effect
of solute atoms on grain boundary motion [193]-[196]. If there is an interaction
energy U (energy gain) between boundary and impurity atoms, these solute
atoms will tend to segregate to the boundary. In fact, if thermal equilibrium
could be established at all temperatures, and the boundary could adsorb an
unlimited number of impurities — like in the case of the Henry isotherm —
all solute atoms would end up in the boundary at T'= 0 K. Owing to thermal
agitation (entropy effect), for 7' > 0 the concentration in the boundary will
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be

Cp = Cg €Xp (%) (3.13)

where ¢g is the volume impurity concentration®. When the grain boundary
moves, the segregated atoms will attempt to remain in the boundary, i.e. the
boundary has to drag its impurity load and can only migrate as fast as the
slowly moving impurities.

In the simplest approximation [193] one can assume that the segregated
impurities have to move along with the boundary and, therefore, exert a drag
force P,

Py=n-f=ngc-f=nof-co-e’/FT (3.14)

where n is the number of foreign atoms per unit area of the boundary, f is
the attraction force between boundary and a foreign atom (see, for instance,
[193]), no is the number of lattice sites per unit area of the boundary.

If boundary and foreign atoms move together the net velocity of the segre-

gated solutes read

v:B-fz% (3.15)

where D = Dy exp (_kQTD ) is the bulk diffusion coefficient of the solute atoms.
The boundary moves according to Eq (3.6) with the velocity

-v kT
vzmb-(P—Pv)zmb(P—nf)zmb<P—%) (3.16)
and, therefore
Pmy, PDgy Hp+U
= ~ E— 3.17
U7 4 nmghT cokTeXp( KT ) (3:.17)

When the driving force increases it will finally reach a critical value where the
segregated impurities will no longer be able to keep up with the boundary.
Then the boundary will detach from the impurity cloud and move as a free
boundary with the speed

v=my- P (3.18)

In this very simple model all atoms will detach from the boundary at the
same time. For a more realistic approach one has to consider the diffusion
of the solute atoms with the moving boundaries as proposed by Cahn and
Liicke [194, 195].

Due to the motion of the grain boundary the concentration distribution of
solute atoms will be altered. We are interested in the steady-state concentra-
tion (c¢(zx,y, z)) of solute atoms in the presence of a boundary moving with

4This is only true if there is no interaction between the solutes in the boundary. If this
constraint is relaxed a different isotherm has to be used, as will be addressed in Sec. 3.3.3.
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constant velocity v. If we assume a planar boundary moving in z-direction,
the problem can be reduced to a one-dimensional diffusion equation
Jdc 0% 0 (DcdU

- kT dx

with D the volume diffusion coefficient and ¢ = ¢ for + — +o00. This diffusion
equation is time dependent, since the grain boundary changes position with
time, as does the concentration distribution attached to it. In a coordinate
system affixed to a grain boundary moving with constant speed the concen-
tration distribution remains stationary, i.e. d¢/dt = 0. For sake of simplicity,
we shall assume (Fig. 3.5a) that

Ulz) = {0 [} 2 a (3.20)

—Hy |z|<a
Thus, dU/dxz = 0 except for z = + a. Using the Galilei transformation
r=2x — vt (3.21)

we obtain the diffusion equation in the coordinate system moving along with
the grain boundary at its origin

Di— +v— =0 (3.22)
X X

D (3.23)
with ¢4, ¢, being integration constants. For range I (behind the boundary)
c!(x) = co (3.24a)

because of ¢(z) = ¢g for x = — 0.
For range II (in front of the boundary)

ol

cH(z)=co+ (ca—co)e” (3.24b)

with c2 = ¢(+a).

Owing to the discontinuity of the potential U for x = =+ a the constant ¢y
and the concentration distribution inside the boundary cannot be calculated
in closed form®. However, during steady-state migration the diffusive flux

5A closed form solution is possible, when another shape of the potential U(x) is used, e.g. a
triangular potential, where |dU/dz| < oco. This renders the solution of the diffusion equation
more difficult for the range dU/dx # 0, but the analysis yields a result very similar to the
solution given here.
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must be constant everywhere, i.e. equal to the convective flux j. = vcg. For
a boundary comprising a single atomic layer B (Fig. 3.5¢) we obtain for the
flux through the interface: range II/ boundary (B) (z = a)

D D
cbge*% — 02? — ey = —vCp (3.25a)
and the interface: boundary (B) / range I (z = —a)
D D
1y~ cb?e_% —vep = —Cy (3.25b)

The first two terms of Eq. (3.20a) represent the diffusion flux through the
interface B/II in terms of the difference of the number of atomic jumps from
plane B to plane 2 and from plane 2 to plane B:

Hy+H H
CpV exp (—OTD) — CoV €xp <_k—113> (3.26)
where Hp is the activation enthalpy of volume diffusion. The same holds for

Eq. (3.25b). Egs. (3.24b, 3.25a,b) can be solved with regard to ¢y and c.
We obtain, using ® = bv/D and ¥ = e—Ho/kT

1 =c¢p (3.27a)
1+
= > .
cp CO\I/ e co (3.27b)
D (1—0)
=1-— 27
“ 1+ @) (Vo) (8:27)

The corresponding concentration distribution is given in Fig. 3.5c.

The concentration ¢; behind the boundary is here always equal to the initial
concentration cg. Since ¥ < 1, the boundary concentration ¢, > ¢;. Further,
co < g, i.e. there is a concentration dip in front of the boundary.

As discussed above, the elementary step of grain boundary motion is as-
sumed to consist of the jump of single atoms across the boundary from one
crystal to the other. We consider boundary motion from left to right in Fig.
3.5 which corresponds to a net atom jump to the left. By such a jump the
total free energy of the system may be altered for two reasons:

(i) If there is a driving force P (free energy per cm?®) causing the boundary
to move to the right, the energy is decreased by the amount P{), ~ Pb>
per jump, where €, is the atomic volume. Conversely, for backward
jumps the energy is increased by this amount.

(ii) If the boundary moves by one atomic step to the right, the impurities
located before in plane 2 are now situated in plane B and the ones of
plane B are now in plane 1. This corresponds to an energy change per
atom jump AH = coHy — ¢y Hy. A backward jump leads to an increase
AH = CbHO — ClHQ.
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One-atomic boundary (a) energy level of an impurity in bulk and boundary;
(b) impurity concentration dependence across the boundary; (c¢) concentration
dependence in atomistic model; 1,2 denote atomic positions next to boundary
in the crystal, and B position in the boundary.
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FIGURE 3.6

Dependence of grain boundary migration rate on driving force in the presence
of impurity drag. In the interval denoted by T" the transition from the loaded
to the free boundary and vice versa occurs discontinuously.

If one supposes that the basic activation energy H,, for such a jump is de-
creased in the case of a forward jump and increased in the case of a backward
jump by half of these energy changes, one obtains for the net velocity

_pv3/o— _
exp (_Hm Pb /2M}:10(02 ) /2

(3.28)

—exp (— H’“_Pbs/szO(%—Cl)/Q)

Assuming that Pb® < kT and Hy (cz — ;) < kT the exponential function
can be expanded to give

D,, (Pb¥®  Hy
U—T{ﬁ—%(cl—@)}—m(P—PU(U)) (329&)
or
kKT wb Hy
“w D, T (3.290)
with
Dme H() 9 Hm
m=— P, = 5 (c1 —c2), Dy =vb® exp (_ﬁ> (3.29¢)

m is the mobility of the grain boundary without impurity atmosphere, and
P, is the retarding force due to the impurities. The important point is that ¢;
and ¢y and thus also P, depend upon the velocity v of the boundary so that
the dependence v = v(P) is contained only implicitly in Eq. (3.29a). Only the

© 2010 by Taylor and Francis Group, LLC



150 8 Grain Boundary Motion

inverse function P = P(v) can explicitly be written (3.29b).

The introduction of the expressions for ¢; (Eq. (3.27a)) into Eq. (3.29b)
leads to an equation f(v, P) = 0 which is of third order in v. The positive
roots of this equation represent the function v = v(P). In general, the solution
v(P) cannot be given in closed form; only for very high (vg) and very low (vy,)
velocities are approximate expressions possible. In zero order approximation
one obtains

L _ VD
E= T

P; (3.30a)

B 20°D .
HOCO [exp (H()/kT) - 1]

v P (3.30D)

The velocity vg describes the velocity of a free boundary, i.e. a boundary
broken away from the impurity atmosphere. The velocity vy, is determined
by the diffusion of the impurities together with the moving boundary. At
intermediate values of v a transition from the boundary loaded with impurities
to the broken away boundary occurs. This transition range (7" in Fig. 3.6) is
characterized by a very rapid increase in the velocity with increasing driving
force P. However, it is stressed that in this transition regime the boundary
also will move either as a loaded or as a free boundary or at some point
can change from one state to the other, as confirmed experimentally (Fig.
3.7). This implies that the boundary cannot remain in the transition state
over an extended period of time as claimed previously to explain a nonlinear
relationship between grain boundary velocity and driving force.

3.3.3 Impurity Drag in Regular Solutions

Eq. (3.30) predicts that the mobility of the loaded grain boundary ought to
decrease with increasing impurity concentration m ~ 1/cq and that the activa-
tion enthalpy H,, of the mobility is different for the free and loaded boundary,
but in both cases H,, is independent of impurity concentration. This, how-
ever, is at variance with experimental results (Fig. 3.8). The concentration
dependence of the activation energy indicates that segregated atoms in the
boundary cannot be treated as a dilute solid solution, i.e. without interaction
of the segregated atoms. If there is solute-solute interaction in the bound-
ary, the impurity concentration in the boundary cannot be represented by
Eq. (3.13) (the Henry isotherm) anymore. Instead, the solutes in the bound-
aries have to be treated as a regular solution rather than an ideal solution
[197]. To simplify the mathematical treatment, we shall assume in the follow-
ing that the concentration profile of solute is always given by the equilibrium
concentrations in the bulk ¢g and in the boundary c®.

When a boundary moves together with its segregated impurities, the ve-
locity of the impurity atoms v;, should be equal to the boundary velocity
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Recording of grain boundary position with annealing time in an Al bicrystal.
At tgq the grain boundary unzips from its impurity cloud and moves freely.
Note discontinuous transition without intermediate stage.

vp. If the boundary moves under the action of an external driving force P, it
imparts the same driving force to the impurities carried along

P
vy = mpP = Vim | (3.31)

where my and m;,;, are the mobilities of boundary and impurity atoms, re-
spectively. I' = ¢? — ¢g is the difference between the concentration of adsorbed
impurities in the boundary ¢® and the bulk concentration ¢y. With the Nernst-
Einstein relation

D

m = 7 .32
m T (3.32)

where D is the respective diffusion coefficient, Eq. (3.31) yields

Mim, o D

My =5 = (3.33)

For dilute (volume) solutions one may use the Henry isotherm

H; H;

I'=2-B-cg—cop=cyp (zBo eW—l)%zBo erT ¢g (3.34)

for cg < b (B = e%/*T By = ¢=%/k G; — Gibbs free energy of adsorp-
tion, S; — adsorption entropy, H; — interaction enthalpy of impurity atoms
with the boundary, z — number of adsorption sites in the boundary.) Eqgs.
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Dependence of activation enthalpy H and preexponential factor Ay of the
reduced grain boundary mobility for 38.2° (open symbols) and 40.5° (filled
symbols) (111) tilt grain boundaries on impurity content in pure Al: o,e —
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(3.31)—(3.34) render the known expression for the mobility of a boundary with

impurities:

Dy e™ (HDIC;Hl)
ZB() kT - Co

where Dy is the diffusion pre-exponential factor, Hp is the activation enthalpy
for (volume) diffusion of the impurity atoms. According to Eq.(3.35) the ac-
tivation enthalpy for grain boundary migration is the sum of two activation
enthalpies, impurity diffusion and impurity adsorption. The pre-exponential
mobility factor changes inversely proportionally to the impurity concentration
contrary to experimental results. As evident from Fig. 3.8, even at the low-
est impurity content, the activation enthalpy rises with increasing impurity
concentration, whereas the pre-exponential factor remains essentially at the
same level.

If there is a strong tendency toward segregation, the boundary impurity
concentration may be high although the volume impurity concentration is
small. For high impurity concentrations in the boundary it is necessary to
take into account the mutual interaction of adsorbed atoms in the bound-
ary. Also, grain boundaries are inhomogeneous, i.e. not every site in the grain
boundary is equally favorable for impurity segregation. The essential point
here is that this inhomogeneity plays an important role in the adsorption dur-
ing the process of migration and thus has to be taken into account.

In the following we shall consider the interaction of impurities with grain
boundaries in terms of adsorption. This allows us to express an influence of
adsorption on both the activation enthalpy and the pre-exponential mobility
factor. We consider a true binary system with bulk concentrations ¢; and co
and assume that the grain boundary chemistry is in equilibrium with the bulk,
in spite of grain boundary motion

m (. T}) = uf (0, T, 1) (3.36)

py (12, T,¢3) = s (p, T, 2) (3.37)

where p8, pb, and pY, py are the chemical potentials of the ﬁrst and second
component in the bulk and in the boundary, respectively, and cl o denote the
respective boundary concentrations. The activities of atoms in both the bulk
(a1, a2) and the boundary (a},a3) are related by

b b @Y1
a a “2 w1(r2=71)
sl S (_2> B s (3.38)

ai az

my = (3.35)

where 71 and 2 are the grain boundary surface tensions of the pure first and
second component, respectively, and

b
wy = (3@1) and wy = — <%> (3.39)
M p,T,v2 2 p, Ty
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are the partial areas of the atoms of both components in the boundary®. Eq.
(3.38) constitutes the general adsorption isotherm, expressed in terms of ac-
tivities. The relation between activity and chemical potentials of components
in real and ideal solutions reads

ideal

a; = ¢; exp (%) (3.40)

For consideration of the adsorption of impurities, which interact in the bound-
ary, and bulk solution, we can apply the Bragg-Williams approach for regular
solutions, i.e. entropy changes are neglected.

With the known expressions for the enthalpy of components in a regular
solution the activity in such a solution can be represented as

Z€ - (01)2
kT

2
a1 = ¢y exp % ,d2 = Co eXp (3.41)

where z is the coordination number, € = €19 — 1/2 (e11 + €22) is the heat of
mixing and €;; (¢, j=1,2) are the interaction enthalpies of the components.
Egs. (3.38) and (3.41) yield for a regular solution in both bulk and boundary

w1
b_b (b2 wo
B PR
Gl o) I i A ERN PN CTEEs) B
(&1 - zbsb-(cb)2 ze-(c1)? P kT '
exp(ik:ﬁ) CQeXP(T)

where €°, 2 are the heat of mixing and the coordination number in the grain

boundary, respectively.

Some special cases are of particular interest for an analysis of experimental
results.
1. Both (bulk and boundary) solutions are regular (i.e. the heat of mixing
and coordination number in both solutions are the same) and the partial

areas of the different species in the boundary are equal, i.e. e® = ¢, 2° = 2,
W1 = Wy = W.
Then )
Bey exp [2£ (b — ¢
Cli 1 p [kT ( 1 1)} (343)

- 1—c1 4+ Bey exp [% (cll’ — cl)]

where B = e*(2=1/01) — Boe'i/kT | H; is the enthalpy of interaction between
the boundary and an adsorbed impurity atom.

61t should be pointed out that the partial areas as defined by Eq. (3.39) are in general
not identical with the physical area fraction occupied by the respective elements in the
boundary but are thermodynamical quantities exactly defined by this equation and may
even assume negative values.
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2. The bulk solution is ideal, whereas the boundary solution is regular, i.e.
e=0, e #0, w; =wy = w. In this case

2beb b
- Bey exp [ﬁ (201 - cl)]
b=
1— ¢y + Beyp exp [Z,: (261{ — cl)}
For ¢; <« 1, Eq. (3.44) is known as the Fowler-Guggenheim isotherm.

3. The same as case 2, but the partial areas of the species in the boundary
are different, i.e. € = 0, €® # 0, wy # wo. In this case
w1
w2
} (3.45)

2beb ()2 4 e (ch)?
cl{:cl exp <—% -B éexp %

The condition closest to experiments is the case of an ideal bulk and a reg-
ular boundary solution. From Egs. (3.35) and (3.44) (denoting the impurity
concentration as ¢ and using the values for € and z in the boundary)

c

(3.44)

&b
T

[ HD+H,i+za(2cb—1)]
exp | ——————*

. . KT

my = sz = mlbm o =  (346)
¢ —c ¢ Boc {1 -c+ Beexp[z (2¢ -1)]}
For wy # wy Egs. (3.33) and (3.44) yield
HD+Hi+(5—1)zs(1—cb)2

m; m; mo P |7 kT
my = M oy Mim Mo (3.47)

b —¢ cb Byc (l,cb)ﬁ

l1—c

with f = wa/wy. An important consequence of Egs. (3.46) and (3.47) is that
the migration activation enthalpy includes the enthalpy Hp of impurity mo-
tion involved in boundary migration, the adsorption energy H; (segregation
of atoms in the pure boundary) and, in particular, the energy of interaction
between adsorbed atoms. Therefore, the activation enthalpy of grain bound-
ary migration becomes dependent on concentration, as indeed is observed in
experiment (Fig. 3.8).

Figs. 3.9 and 3.10 show the dependence of boundary mobility and its pa-
rameters (Ao, H) on impurity concentration for 38.2° and 40.5°(111) tilt grain
boundaries as obtained by experiment and as calculated from Egs. (3.46) and
(3.47), respectively. The calculations are in a good agreement with experiment
at reasonable values of Hp, H; and ze. (The magnitude of By = exp(—5S/k)
changes in a very narrow range and was taken to be By = 5.)

The best agreement between theory and experiment for the concentration
dependence of boundary mobility was found for the isotherm, which takes into
account a difference of the partial areas of the components in the boundary
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FIGURE 3.9

Experimental data (points) and results of calculations (lines) based on Eq.
(3.41) for two (111) tilt grain boundaries in Al. Dependence of (a) activation
enthalpy H,,; (b) preexponential factor Ag; (¢) reduced boundary mobility Ay;
(d) compensation temperature T,; (e) impurity concentration in the boundary
c® on the bulk impurity content c. Parameters used for 38.2°(111) boundary:
Hp = 0.6 eV; H; = 0.84 eV; (ze) = 0.17 eV; (mgy) = 8-107° m?/s, and for
40.5°(111): Hp = 1.5 eV; H; = 0.82 eV; (z¢) = 0.21 eV; (mgy) = 90 m?/s.
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FIGURE 3.10

157

Experimental data (points) and results of calculations (lines) based on
Eq. (3.42) (8 = 0.05) for two (111) tilt grain boundaries in Al. Dependence of
(a) activation enthalpy H,,; (b) preexponential factor Ap; (¢) reduced bound-
ary mobility Ap; (d) compensation temperature T,; (e) impurity concentra-
tion in the boundary ¢” on the bulk impurity content c. Parameters used for
38.2°(111) boundary: Hp = 0.68 eV; H; = 0.86 eV; (z&) = 0.17 €V; and for
40.5°(111): Hp = 1.57 eV; H; = 0.86 e€V; (z¢) = 0.24 eV.
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with 8 = 0.05 and the fitting parameters as given in the Fig. 3.10 caption.
This becomes particularly obvious from Fig. 3.10. It is interesting that the
fit parameter moy for the 7 boundary amounts to mgy = 3 - 1074 m?/s.
The term mg7y represents the reduced mobility of the boundary in the pure
matrix. If boundary migration would proceed by the transfer of individual
atoms across the boundary from the shrinking to the growing grain, then my
ought to follow simple rate theory, i.e. mgy = 107° for Al. For the same
reason the activation energy for a jump across the boundary ought to be com-
parable to the activation energy of grain boundary diffusion, i.e. for Al in
the range of 0.6-0.7 eV for the X7 boundary. Obviously, the motion of the
special boundary X7 is reasonably described in the framework of this simple
theory, and the experimentally observed deviations of Hp and Ag from rate
theory can be attributed to the effect of segregated impurities according to
the theory outlined above. Non-special boundaries, in this case the 40.5°(111)
boundary, behave quite differently: both the activation energy for grain bound-
ary motion (Hp = 1.57 eV) and the preexponential reduced mobility factor
(moy = 3.5-10% m?/s) are much higher (even orders of magnitude for mg~y)
than expected for grain boundary motion caused by the exchange of individ-
ual atoms across the boundary. This indicates that the mechanism of grain
boundary motion at least in this non-special boundary is different from the
migration of special boundaries. In fact, the magnitude of activation energy
and preexponential factor as well as other experimental results for the non-
special boundary hint at a correlated or cooperative motion of atoms during
boundary migration.

3.3.4 Vacancy Drag

Not only impurities may interact with and segregate to grain boundaries.
The same principle holds for intrinsic defects, like vacancies. In principle,
vacancy drag can be treated completely in analogy to impurity drag. However,
it is complicated by the fact that there is no conservation rule for vacancies;
rather, vacancies may be produced and eliminated [198]-[200]. In fact, there
is experimental evidence that grain boundaries can act as sources and sinks
for vacancies [200, 201]. If there is a concentration ¢, of sites which may act as
sinks or sources (imagine a ledge on the crystallite surface in the boundary)
then the production rate for vacancies is

(3.48)

Hrp+ Hpp
kT

Gy = csvc™ exp <—

where v is a frequency factor, ¢* an entropy factor, Hpp and Hpp represent
the activation enthalpy for grain boundary vacancy formation and diffusion,
respectively.
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The annihilation rate is given by

v H
G- = Cob _ Cob * CsV €XP <— DB) (3.49)
-

kT

where ¢, is the actual vacancy concentration and 7 the lifetime of a vacancy
in the boundary. The net production rate of boundary vacancies reads

. . . Cob — Coy

=9+ =q-=—"—— (3.50)
In equilibrium, ¢ = 0 and thus, c,, = ¢, i.e. the equilibrium concentration
of vacancies in the boundary.

Another source of vacancy production is the annihilation of dislocations in
the boundary, since each atom on a dislocation line carries an excess volume of
about one atomic volume. Each atom on the dislocation line can, therefore, be
considered to produce one vacancy upon absorption of the dislocation in the
grain boundary, for instance during primary recrystallization. For a (uniform)
dislocation density p and a grain boundary migration rate v, the vacancy
production rate by dislocation absorption in the boundary is

qga=abpuv (3.51)

where the dimensionless factor a = 1 is the number of vacancies formed per
dislocation site. Since the grain boundary also carries an excess volume its
motion will be accompanied by a production of vacancies, e.g. during grain
growth. In fact, such vacancy generation was observed in molecular dynamics
computer simulations of a shrinking half-loop grain boundary [201, 202]. If
the number of vacancies is not conserved, the diffusion equation (Eq.(3.19))
has to be modified to include the vacancy production term ¢ which is only
nonzero in the grain boundary

Jdc 0%c 0 (DcdU
Z_p—— 4 (=== .52
ot 8m2+8x <kT da:) (3:52)
For a potential well as defined by Eq.(3.20) we obtain for the steady state in
the reference frame of the moving boundary

dc 0%c de
— _p== —1g=0 3.53

ot~ Coa T Vor 1 (3.53)
The problem can be treated exactly as for impurities previously, except that
the flux equations through the borders of the boundary now read (one atomic
boundary)

JB/Ir = Jir (3.54a)
JiyB =JByrr — ¢b = jrr — qb (3.54b)
Jr=Jr/p = Jjir — ¢b (3.54c)
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or in terms of jump frequencies

—Ho/kT

D D
vage —cy - 3~ veg = —vCy (3.55a)

D D
61? - cvb?e_Ho/kT —veyy = —vecyg — ¢b (3.55D)

Again this can be solved for ¢1, co and cyp.

The migration rate is again obtained from

p— 3 — p—
exp (_ Hp—Pb®/2 kgo(cz cob) /2

v=by (3.56)

3
—exp (_ H,,—Pb /22?(%761)/2)
which cannot be solved analytically, since ¢, co and ¢, depend on v. In the
limit of high (vp) and low (vr) velocities, assuming vacancy production by
dislocation absorption we obtain the approximate solutions

b’D,, apHy 202D
- P- L= —— 2 p 3.57
YT ( 2 ) C T Hy (¢5, — co) (8:57)

where ¢, = ¢y exp (Ho/kT). With ® = bv/D, h = Ho/2b3, ¥ = e~ Ho/kT
v = b%/TD, A = apb?, and © = KT /b3.(D/D,,) the following cases can be
distinguished:

(a) Dislocation type sources but no sinks (y =0, A # 0)
In this case one obtains for a one-atomic boundary the concentrations

c1=co+ N\ (358&)
1+ @
Cob = \IJ > (Co + )\) (3.58b)

D (1+W)co— W (1+P)A
1+0) (T +a)

Coy = Co — (358C)

Eq. (3.58a) shows that now the concentration ¢; left behind the boundary is
larger than the initial concentration cy, it also includes the vacancies contained
in the dislocations (). The difference ¢; — co which is proportional to the
retarding force P, = « - pHy/(2b) (Eq.(3.57)) is zero for ® = 0 and A for
® = oo. For small values of ®, P, runs through a maximum, whereas for large
® a continuous increase occurs.

The equation f(®,P) = 0 is again of third order, and the approximations
(I)F and (I>L

P h\ h P —hA\
@F—6—6+F{(CQ+)\)\I/—60}—> o
o, = L ~ P (3.59)

h(CO+)\_CO\I/)/\IJ+® (CQ—F/\)/\IJ—hC()
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Of interest here is the case that the driving force P is also proportional to the
dislocation density A as in the case of primary recrystallization. Here P = g\
with o4 being roughly the energy per dislocated atom divided by b3. Then the
function ®()\) instead of ®(P) has to be considered which contains two aspects
of the dislocation density A: the dislocations supply a driving force and thus
accelerate the boundary, and they supply vacancies which retard the bound-
ary. For o4 > h the accelerating influence dominates and the expressions for
®p and @ remain valid. For o4 < h, i.e. for dominance of the retarding
effect, only @ stays correct, whereas for high velocities there is no longer a
proportionality between ® and A, but a plateau value ®, arises. This case,
however, is improbable.

(b) Boundary sources with infinite rates (7 = 00)

Now let us consider the opposite limiting case, where sources and sinks exist in
the boundary and where the formation and annihilation frequency of vacancies
is extremely high (v = 00). With ®cS, = ¢, the equilibrium concentration in
the lattice, it follows

€

5 (3.60)

€ €
Co t+ Cop @ e _ c1—c¢
71—}-(1’ 7 Cub = Cypy C2 = Co —

Cc1 =

One recognizes that, due to the high source rate, the boundary layer always
exhibits the (boundary) equilibrium concentration cf,. In the neighboring
plane 2 for ® = 0 the (lattice) equilibrium concentration ¢y = £ is found,
whereas for ® = oo again co = ¢f. Depending upon whether ¢ < ¢g or ¢ > ¢,
a concentration dip or concentration peak occurs. Most interesting, however,
is the concentration of vacancies ¢; left behind the boundary. Also here for
® = 0 the lattice equilibrium value ¢; = c{;, but for ® = oo the boundary
equilibrium value ¢ is obtained. Since ¢, and c{ are mostly larger than cy,
this means that also here the boundary leaves more vacancies behind than
existed in the original crystal.

The equation f(®, P) = 0 now becomes second order in ® and the resulting
approximate solutions are

P h h P — hct
) _6(CZB_CO)+F(CZb_CO)_> Tvb

P P
d; = = 3.61b
LR, —w) by (3.610)

o, (3.61a)

It must be noted that Eqgs. (3.60) and (3.61) do not depend upon X and are
valid for the cases A = 0 as well as A # 0. This means that, because of the
infinitely high rate for establishing equilibrium, it does not matter whether a
few vacancies (more or less) have to be accommodated.

(¢) The general case (A #0; 0 <y < 00)
This case is only little more complicated and contains no new features in
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FIGURE 3.11
Normalized grain boundary migration rate ® vs. driving force in the presence
of vacancy drag. (a) Low drag force; (b) high drag force.

addition to those already discussed. One obtains for the concentrations

- P+ AP+
Cl_1+(I)C’Uba Cob = ’y—f—\fj__g@
co — Cib\I/ cop ¥ + co®
= co — = 3.62
2T g 1o (3:62)

One easily recognizes that for ® — oo(ca = ¢, cop = ¢1 = ¢o+ A) all diffusion
effects are suppressed and that for ® — 0 (cyp = ¢, c2 =1 =¢5, - U =¢f)
equilibrium is approached. Since ¥ < 1, it is always ¢, > ¢1 (due to the
potential well). Mostly (except for an extremely high o) one also has ca < cyp
and ¢1 > ¢g. Whether co < ¢o or c2 > ¢ (dip or peak in front of the moving
boundary) depends upon the circumstances.

The difference ¢; — ¢z, which is proportional to the retarding force P,,
increases from 0 at ® = 0 to A at & = oo. For large values of A this in-
crease occurs monotonously; for small A the function P,(®) runs through a
maximum. In Fig. 3.11 the function ®(P) has schematically been derived by
graphical determination of the difference P — P,. One recognizes that for each
value of P either one or three values of ® exist (Fig. 3.11). In the first case one
has a continuous transition from the state of a boundary loaded with vacan-
cies to the broken away state, in the latter case a discontinuous transition. In
this case the transition point (indicated by the dashed lines) cannot exactly
be defined. For very high and very low velocities, however, a single solution
v = v(P) always exists,

P hx h,, . P —h\
Pu=5-g  ple - +(c —co) = AT )}~

P P
b= — SR (3.63)
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3.3.5 Drag Effects by Second-Phase Particles

It is common knowledge that second phase particles drag grain boundary
motion [203]-[207]. The physical basis of this drag effect is the attraction force
between particle and grain boundary which is due to the reduction of grain
boundary or interface energy upon contact of particle and grain boundary.
The simplest and commonly exclusively attraction force considered is the well-
known “Zener force,” which appears when a particle intersects the boundary
and in doing so eliminates the area of the boundary. For a spherical particle
with radius r and a planar grain boundary with specific energy ~ the reduction
of grain boundary energy per particle AG is (Fig. 3.12)

AG =7 (1—mr?) (3.64)
Correspondingly, the maximum attraction force f* is
1 =2mry (3.65)

A more precise calculation for a flexible boundary gives the Zener force as
[203]

fi=mry (3.66a)

Actually if N is the number of particles per unit volume of the system, the
volume fraction of the particles is ¢ = 4/377r3N. The particles in contact with
the boundary are confined to a volume 2r-1 cm?, i.e. n, the number of particles
per 1 cm? of a grain boundary, is equal to n = 2rN, n = 3¢/(27r?). Thus the
maximum pinning force

fmax = nff = mry -3¢/ (2nr?) = gC'y/r (3.66D)

Eq.(3.66a) is the well-known Zener equation for the back driving force on mov-
ing grain boundaries in two phase alloys, which is utilized for the control of
grain size during recrystallization and grain growth. The Zener force, however,
is not the only attraction force in a particle-boundary system. For instance,
if a particle has a coherent interface with the matrix and correspondingly a
low free energy (surface tension), this advantage will be lost when the par-
ticle is swept by the boundary, since grain boundary migration changes the
orientation of the matrix in contact with the particle and, consequently, the
interface energy changes by [208]

AG = 47172 (9 — 1) (3.67)
and the maximum drag force is

f3 =8mr(y2 =) (3.68)
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FIGURE 3.12
Origin of Zener drag and grain boundary shape for a rigid boundary (dashed
line) and a flexible boundary (solid line).

© 2010 by Taylor and Francis Group, LLC



3.8 Drag Effects During Grain Boundary Motion 165

where 71, 72 are the interface free energies of the particle in the growing and
vanishing grain, respectively.

There is a third cause of attraction between particle and boundary. If the
increase of interface energy, according to Eq. (3.67), exceeds a critical value,
then the moving grain boundary prefers to circumvent the particle and to leave
behind a spherical volume of the original grain with the particle inside [206,
208] (Fig. 3.13). In this case

AG = 4mriy (3.69)
and the maximum attraction force
3 =8nry (3.70)

The maximal attraction force (see Egs. (3.66), (3.68), (3.70)) controls the pro-
cess of boundary-particle interaction, the pinning properties of the particle
and the detachment of the grain boundary from the particle. Traditionally,
the dragging of a moving grain boundary by particles of a second phase is
considered in the approximation where the particles act as stationary pinning
centers for the boundaries [203, 204]. Consequently, the smaller the size of the
particles, the more pronounced the effect of particles on grain boundary mo-
tion. On the other hand, it was reported [208] that inclusions in solids are not
necessarily immobile, and their mobility drastically increases with decreasing
particle size. The mobilities of particles for different atomic transport mech-
anisms are given in Table 3.2.

For grain boundary motion in a system with mobile particles, derived from
reasonings very akin to the solute drag theory, the velocity of the joint motion
of grain boundary and particles reads

Pmb
Tl [ D,

P

(3.71)

where, as usual, P is the driving force of grain boundary migration, my is the
grain boundary mobility, 7i(r) is the number of particles per unit area of the
boundary, my(r) is the mobility of particles with size (radius) r. It is evident
that the motion of the boundary-particle complex depends on the mobility of
the boundary, the mobility of the particles, the particle distribution function
and, what is particularly important, the size of the particles. There are two
limiting cases where the physical nature of the phenomenon manifests itself
most clearly.

(i) High particle mobility

 n(r)my
dr < 1 (3.72)
/0 my(r)
Then
v =2 myP (3.73)
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(b)

FIGURE 3.13
A moving grain boundary circumvents a particle in Cu (a) and leaves a spher-
ical grain boundary behind (b).
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TABLE 3.2
Mobility of Inclusions in Solids

Type of inclusion

Atomic solid sphere spherical spherical thermal groove*
trans- bubble void
port
mecha-
nism
Bulk mp(r) = mg(h) =
2

diffusion % %3 [207] = % % QZ?S
in the [210]
matrix mp(r) =

3 Dy, Q3¢
(Dom) o S =i [209]

" D

=7 —er e [211]
Bulk mp(r) & my(r) = mg(h) =

. . e Q2 Q2pDgas Dyas
diffusion 2 &5 55 & (207 Lhu  (Dye
3

in the . (%) . 92522“
inclusion
(Dwi) 210]
Interface  mp(r) ~ mp(r) =
diffusion - 25 24 [207] 0.3 (%) 2s
(Ds) my(r) = (212]

7 Cepe [211]

mp (7')2:

Q Vs S

e [209)

my (27") =

2 pio [208]
Diffusion my(r) =

30" Dy Qg
vacancies
(Dv)

*

mg, Mp is the mobility per unit length; ©. is the critical angle at the vertex of
he groove; h is the depth of the groove; ¢, is the concentration of diffusing atoms in
the bulk; ¢; is the concentration of diffusing atoms in the inclusion; €2, is the atomic
volume in the bulk; Q, is the atomic volume in the inclusion; p is the pressure inside
the void; Dyqas is the diffusion coefficient for the gas inside the void; % is the lattice
constant; A 1s the effective thickness of the surface layer; vs is the density of surface
atoms; f is the correlation factor; I' = (1 4+ v)/3(1 — v)); v is the Poisson ratio;

t=1for £>>r; ] =T/3 for £ < r, £ is the average distance between source and
sink.
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In this case the grain boundary velocity is determined by the mobility of the
boundary.
(ii) Low particle mobility

/ A 4 g (3.74)
o mp(r)
then P
vE (3.75)
f myp ( r)d
or in the simple case of a single size particle distribution: 71(r) = ngd(r — ro)
P
p = P (o) (3.76)
o

In this limit the velocity of the grain boundary is determined by the mobility
and the density of the attached particles.

*mg - myp is mobility per length unit; . is critical angle at the vertex of
the groove; h is depth of the groove ¢, is concentration of diffusing atoms in
the bulk; ¢; is concentration of diffusion atoms in the inclusion; €2, is atomic
volume in the bulk; €/, is atomic volume in the inclusion; p is pressure inside
the void; Dgyq,s is diffusion coefficient for the gas inside the void; b is lattice
constant; \ is effective thickness of the surface layer; vg is density of surface
atoms; f is correlation factor; ' = (1 + v)/3(1 — v)); v is the Poisson ratio;

t=1for > r; T} =T/3 for £ <« r; { is average distance between source
and sink.

The collective movement of particles and grain boundary at subcritical driv-
ing forces and the detachment of particles at supercritical driving forces result
in a bifurcation of the grain boundary migration rate with increasing driving
force. This is schematically shown for a single size particle distribution in
Fig. 3.14. At low driving forces, the boundary moves together with the parti-
cles, and the kinetics of this movement are determined by the particle mobil-
ity and density (Eq.(3.76)). When the driving force reaches the critical value
Perit — f*n the grain boundary will breakaway from the particles, and thus
instantly increase its velocity to the migration rate of an unloaded bound-
ary (point b in Fig. 3.14). The velocity difference between a loaded and a free
boundary corresponds to the difference between the particle mobility m,(r)/n
and the grain boundary mobility (m;). On the other hand, if the driving force
acting on the unloaded boundary decreases, the grain boundary velocity will
decrease in proportion to the driving force until a critical value v* (point ¢ in
Fig. 3.14) is reached. At this point the boundary velocity changes discontin-
uously to the velocity corresponding to the loaded boundary, since then the
particles become capable of moving with the boundary and will exert a drag
force. Therefore, a hysteresis exists between the points of particle detachment
with increasing driving force and particle attachment at decreasing bound-
ary velocity. In real systems the situation will be more complicated, since the

© 2010 by Taylor and Francis Group, LLC



3.8 Drag Effects During Grain Boundary Motion 169

Vh

oYy

Perit

FIGURE 3.14

Dependence of boundary migration rate on driving force in the presence of
mobile particles. At P > P°" the boundary is detached from the particles,
for v < v* it moves together with the particles.

particles will not be of uniform size, but will have a size distribution, and the
normalized particle mobility m,(r)/n and thus the hysteresis will depend on
the shape of the distribution according to Eq. (3.71).

The behavior of a curved grain boundary, which moves in a system with
mobile particles, is more complicated than a planar boundary and can be eas-
ily analyzed only for steady-state motion of a grain boundary. This topic will
be addressed in terms of its influence on the shape of a moving boundary in
Sec. 3.4.3.

So far we have considered the migration of a boundary loaded with parti-
cles and the velocity dependent detachment of particles from the boundary. In
reality, however, there will be a volume distribution of particles. For a station-
ary boundary (v = 0) an equilibrium distribution of particles on the boundary
7p(r) will be established, which is different from the volume distribution 7, ()
owing to the interaction energy U, = K727y, between particle and boundary
(in Zener approximation, K; is the geometry factor)

K17T’I“2’}/> dr

— (3.77)

Aip(r)dr = 2rii, (r)exp <
If a boundary would move from a particle free volume to a particle containing
volume, the equilibrium distribution will be readily established. For a moving
boundary, however, the equilibrium particle distribution can only be main-

tained for particles that are able to migrate with the boundary, i.e. for a given
velocity only all particles with size r < r.(v). At an instant of time a moving
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boundary will, therefore, be in contact with two types of particles, namely
the thermally distributed particles for r < r.(v) and the volume distribution
of particles with r» > r.(v), to which the boundary is attached temporarily
during its motion. Both kinds of particles, however, have quite a different
effect on boundary migration. While the small particles, which migrate with
the boundary, reduce the effective driving force, the large statistically touched
particles constitute a “frictional” force, acting like pinning centers.

With increasing boundary velocity the number of particles attached to the
boundary diminishes so that the net drag effect decreases, while the “fric-
tional” forces increase owing to a growing number of contacted but unattached
particles. Therefore, the dependence of boundary velocity on driving force does
not reveal a discontinuity as in Fig. 3.14; rather, it will continuously change
between the two branches [208].

It is stressed that for mobile obstacles, grain boundary behavior and finally
microstructure evolution is not any longer determined by the distribution of
obstacle spacings, but rather by the distribution of obstacle mobilities.

The discussion so far has been based on the assumption that the parti-
cle distribution in the system is temporally constant. However, it was shown
that the particle distribution behind the moving grain boundary was different
from the one in front of the boundary. Moreover, the particle distribution, ob-
served behind the moving boundary, is shifted toward the large size particles
as compared to the particle distribution ahead of the moving grain bound-
ary [213, 214]. The authors explained this phenomenon by “the increased dif-
fusion permeability of grain boundaries” [213]. Quantitative calculations show
that for particle densities (~ 10 cm ™3 given in [213, 214], grain growth rate
(up to 107% cm/s), and rate of particles growth (~ 107% cm/s) the contri-
bution of grain boundary diffusivity for a time, when a particle is in contact
with the grain boundary, is negligibly small. The observed phenomena are
more likely due to another effect of boundary-particle interaction. If the par-
ticles are large and thus practically immobile at a given driving force and
temperature they act as pinning centers and cause the initially planar grain
boundary to bow out between the particles. This bulging, however, increases
the grain boundary area and, consequently, decreases the level of grain bound-
ary adsorption, i.e. adsorption of the grain boundary becomes unsaturated.
The only powerful source for solute atoms to replenish the concentration in the
boundary are the second-phase particles, primarily the smallest of them, in
accordance with the Gibbs-Thomson equation, which states that the chemical
potential of atoms in a particle increases with decreasing radius of curvature
(size of a particle). Consequently, the curved grain boundary tends to dissolve
the attached second-phase particles, most rapidly the smallest of them. With
decreasing particle size the mobility of the particle increases and eventually
permits the particle to move together with the grain boundary, causing the
latter to flatten. The locally flat grain boundary will now be oversaturated by
adsorbed atoms, and in turn will redistribute the solute atoms to the parti-
cles, favoring the largest ones. A shift of the particle size distribution toward
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a larger mean size is the consequence.

3.3.6 Groove Dragging

In the past, virtually all known techniques of studying grain boundary mi-
gration utilized the observation of the line of intersection of a grain boundary
with a free surface. However, if a grain boundary is exposed to the surface a
new situation arises. The result of this interaction between the grain bound-
ary and the free surface is a new surface defect — a thermal groove. The
displacement of this defect requires mass transport and consequently, energy
dissipation, which makes itself felt as a drag force on the boundary. That a
thermal groove hinders grain boundary migration can be easily understood
from a very simple concept. Under the assumption of a stationary groove and
a flat grain boundary, it is evident that the boundary has to increase its area
when being displaced from the root of the groove. The corresponding drag
force Pg is easily derived from Fig. 3.15

(yedy oy O, 7

Pp = ~
=T e IR N

(3.78)

using 2vy5c080/2 = v and sin®/2 = 1, since © is close to 7 (the difference is
a few degrees only). Evidently, groove dragging is particularly aggravating at
small specimen thickness d(ys; — free surface tension).

In reality the situation is complicated by the fact that neither the groove
remains stationary and symmetric nor the boundary remains flat; rather the
boundary will bulge in the specimen interior (Fig. 3.16). In fact, in grain
boundary migration experiments the mobility of the system grain boundary-
thermal groove is actually measured. Mullins was the first who understood
the role of the free surface for a grain boundary and the effect of a thermal
groove on grain boundary motion [215]-[218]. Recently Mullins’ approach was
extended by Brokman et al. [219, 220] who considered the steady-state motion
of a grain boundary in a thin film under the action of a thermal groove. Some
simple groove models were considered in [221, 222]. It should be stressed that
the approach by Brokman et al. maintained the principal Mullins’ assumption:
the angle © at the root of a groove (Fig. 3.15) remains constant during grain
boundary motion and is determined by the equilibrium values of the surface
tensions of grain boundary and free surface.

This can be looked at from a different perspective, however [210]. The
equation of motion of a uniform isotropic boundary under the action of a
driving force P and a curvature K may be written as

j=my (P —K) &
p=m P @] ] e
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FIGURE 3.15

A groove exerts a drag on the boundary, since a small boundary displacement
increases the grain boundary area. The drag force does not depend on the
depth of the groove.
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FIGURE 3.16
Through thickness grain boundary shape y(z,t) under the action of a driving
force for migration and surface grooves.
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where s is the line element, y(z,t), —6/2 < & < §/2 is the function describing
the profile of the boundary (§ is the thickness of the specimen, Fig. 3.16).We
also use the common notation 3’ = dy/dz, y" = d*y/dz*. For a moderately
curved boundary (y')? < 1 and Eq. (3.79) simplifies to

§=my (P +7y") (3.80)
Two boundary conditions are dictated by symmetry arguments
y(=0/2,t) =y(3/2,t) and y'(0,£)=0 (3.81)

and owing to the coincidence of the bottom of the groove and the terminal
point of the boundary

Vo= g(=8/2,8)+ Uy (=5/2,1) (3.82)

where V is the horizontal and U the vertical velocity component of the bottom
of the groove (Fig. 3.17). To determine the velocities V and U we consider the
formation, growth and migration of the thermal groove which appears along
the intersection of the moving grain boundary with the crystal surface. In a
general form, the kinetics of groove formation is given by

—1/2

Y = Q0 (Jo+ Jy+ ) [1 + (Y’)ﬂ vy’ (3.83)

Y (z,t) is the shape of the groove (Fig. 3.18), Q, is the atomic volume, Jg(x,1)
is the surface diffusion flux, Jy(z,t) is the flux perpendicular to the surface
of atoms carried through the gas phase, J,(z,t) is the vacancy diffusion flux
through the crystal. The last term in the right-hand part of Eq. (3.83) repre-
sents the convection flux due to the coordinate system moving with the groove

velocity V, i.e.

oY .
V=" VY (3.84)

The magnitude of each flux depends on the shape of the surface [215]-[218].
The equilibrium of the forces of grain boundary and free surface tension at
the bottom of the groove v and s, respectively, requires (Fig. 3.18)

Vs (cos ©4 —cos O_) =7 sin ©
~s (sin ©4 +sin ©_) =~ cos © (3.85)
It can be shown [210] that the increment of tan© consists of two parts, the

first due to the change of the slope of the boundary, and the second due to
the increasing depth of the bottom of the groove (Fig. 3.17)

d (tan ©)

o =9 (=0/2,t)+ Uy" (-5/2,1) (3.86)
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FIGURE 3.17
Variation in the surface profile during boundary migration with concomitant
formation of a thermal groove.
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FIGURE 3.18
Equilibrium of forces due to surface and grain boundary tension.

© 2010 by Taylor and Francis Group, LLC



3.8 Drag Effects During Grain Boundary Motion 175

For sufficiently “thick” specimens (h/§ < 1), where h is the depth of the
groove, we obtain by integration

© 2 tan © =y (—§/2,1) (3.87)

With respective secondary assumptions regarding the mass transport and
given initial conditions the problem can be solved. The authors of [210], how-
ever, used one considerable simplification, which they called the “approxima-
tion of an almost symmetrical groove.”

Let us now consider the motion of a boundary-surface junction. Its velocity
can be described as

V =mgy vsin © (3.88)

where my is the mobility of the grain boundary-surface junction. The function
mg(t) can be determined on the basis of the following arguments. At the
beginning of motion the smooth, flat surface does not drag boundary motion.
Formally, this means that mg(f) — co. As the groove grows, the mobility
mg(t) decreases, and the near surface section of the boundary begins to move
more slowly than the part of the grain boundary in the specimen interior. As a
result the boundary becomes tilted with regard to the surface. Once it exceeds
a certain critical angle it can detach from the groove without increasing its
own area. This is accomplished when the angle between the tangent to the
boundary at the surface and the tangent to the surface of the crystal at the
bottom of the groove is 90°. Strictly speaking, this situation is impossible to
reach if the angle between the surface tensions of a free surface and of the
grain boundary is always in equilibrium. One possible mechanism of how the
boundary can detach from the groove is given in [210]. After detachment a
new groove begins to form and the process is repeated.

If the velocities g(x, t) of different points on the boundary differ very little,
then the boundary can be considered to move as a whole with velocity v =
().

Integrating Eq.(3.80)

5/2
/ §(x,t) de = mp {Po+ [y (6/2,t) =y (=0/2,1)]7} (3.89)
—5/2
Substituting ¢(x,t) by V(¢) and using Egs. (3.79) and (3.87) we obtain

Pmb

= 2m
1+ omy (bt)

V() (3.90)

Eq. (3.90) describes the velocity of a boundary as a whole which interacts with
the free surface of a crystalline solid. It is evident from Eq. (3.90) that the
joint motion of boundary and groove depends on the mobility of the boundary
(my), the mobility of the groove (my) and the thickness of the crystal (9).
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The grain boundary is able to detach from the groove, if it flexes to an
angle © that exceeds the critical angle ©, = 7/2 — ©_ in Fig. 3.17, or

2P6
>
¥O:

1 (3.91)

The critical angle ©, can in first approximation (symmetrical groove) be es-
timated as
O, = arc sin /27, (3.92)

If Eq. (3.91) is not satisfied the boundary will remain attached to the groove,
in other words, it will move together with the groove. The mobility of a groove
mg(t) is determined by the principal mechanism of groove development and
can be calculated if the mechanism is known [210]. If the groove is shaped by
surface diffusion

mg(t) = et =3/ (3.93)

1/4

where ¢; = (16’755/4/72) (DswQ2/KT) """, Dy is the coefficient of surface dif-

fusion, w is the surface density of atoms, §, is the atomic volume [210]. Ac-
cordingly, for diffusion through the gas phase

my(t) = cat /3 (3.94)

1/3

&2 = [DpoQ2 /(KT ) 113 2

D is the coefficient of gas diffusion, pg is the pressure of saturated vapor above
the flat surface of a crystal. Finally, if the process of mass transport is limited
by evaporation of atoms from the surface, the mobility of the groove can be
determined as

my(t) = cst~/? (3.95)

1/2

o PoS22
-
e (27 M)Y? (KT)3/2

(M is the atomic weight.)
The time dependence of grain boundary displacement £(¢) can be found by
integration of Eq. (3.90). So, for the mechanism of surface diffusion

4P (2¢,6)Y3 1. (1+6° 1 26— 1
ot) = # lg — Eln(lig — ﬁ <arc tan 5\/3 +7T/6)‘|
(3.96)

1/3
my

with & = (2my/(c16))Y/3t1/4,
In the beginning, when the groove drags grain boundary motion only weakly

0(t) = Pyt (3.97)
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in accordance with rate theory, but after a sufficiently long period of time
0(t) ~t° (3.98)

where ¢ is determined by the controlling mass transfer mechanism. The pe-
riod 7 between two consecutive detachments from the groove for different
mechanisms ¢ = 1, 2,3 can be derived [210]

_ me Pé _5_11'

As the effective driving force P for grain boundary migration or the sample
thickness & decreases, the time between consecutive detachments increases,
approaching infinity when the equal sign holds in relation (3.91). Physically
this means that the grain boundary does not detach from the groove anymore.
But the groove cannot stop grain boundary motion, although its migration
rate decreases in the course of time, since £(co) = [ v(t)dt diverges for all
mechanisms of groove formation and displacement [210].

In summary, a characteristic feature of the interaction between a moving
grain boundary and a free surface is the potential formation and growth of
a thermal groove along the terminal line of the grain boundary at the free
surface, joint motion and detachment of the boundary from a groove, forma-
tion of a new groove and so on. Experimentally, this has to manifest itself as
periodic sudden changes in the velocity of the moving boundary.

This behavior corresponds to the common experience that grain boundary
motion appears jerky on the surface [223]-[225]. This is demonstrated in Fig.
3.19, where surface grooves were formed during jerky motion of grain bound-
aries in steel [226]. The intermediate positions of a grain boundary, which had
moved by stop-and-go during annealing in vacuum at very high temperatures,
are distinctly revealed by the respective grooves (Fig. 3.19). The associated
displacement increases proportionally with progressing annealing time at low
temperatures, but highly non-linearly at high annealing temperatures [227]
(Fig. 3.20). Fig. 3.21 shows the migration of a boundary in a zinc bicrystal
as a function of time [228]. The effect of grooving is a retardation of grain
boundary motion at the surface, such that the grain boundary in the bulk
moves far ahead of the boundary at the surface (Fig. 3.22) until the boundary
detaches itself from the groove [210, 225]. The evolution of the shape of a
moving grain boundary between two detachments from the groove is appar-
ent from Fig. 3.22. The theoretical curve of grain boundary displacement (Fig.
3.23) was found by numerical integration in the approximation of an almost
symmetrical groove (Eq. (3.90)) [210]. There is good agreement between the
experimental and theoretical curves. Within a complete cycle of detachment
and regrooving, the experimental results are in reasonable agreement with
the kinetics predicted from theory [210, 225] (Fig. 3.24). The curve can be
subdivided into two linear sections, with a slope of 1:2 for the first and 1:3
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FIGURE 3.19
Surface grooves due to jerky grain boundary migration in steel after annealing

of 1h at 1100°C in a vacuum [226].
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FIGURE 3.20
Grain boundary displacement vs. annealing time for oxide-forming specimens

of Al annealed at different temperatures: 553°C (o); 567°C (O); 602°C (H);
616°C (e) [227].
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FIGURE 3.21
Measured grain boundary displacement in a Zn bicrystal under grooving con-
ditions [228].
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FIGURE 3.22

Development of through thickness grain boundary shape during consecutive
steps of grain boundary motion with initial grooving at the surface.
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FIGURE 3.23

Theoretically predicted grain boundary displacement in Zn under the action
of thermal grooving.
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FIGURE 3.24
Time dependence of (1010) tilt boundary displacement in Zn with a single
jump; e, o —points corresponding to different jumps.
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