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ATOMIC STRUCTURE OF GRAIN BOUNDARIES AND INTERGRANULAR SEGREGATION

V. Vitek and Gui Jin Wang

Department of Materials Science and Engineering, University of Pemnsylvania,
Philadelphia, PA. 19104, U.S.A.

Résumé.— Nous abordons quelques aspects importants de la structure atomique
des joints de grains dans un métal pur et plus particuli&rement le mod&le

de structure des joints quelconques et la multiplicité des structures. On
présente un schéma empirique de la description des interactions atomiques
dans les alliages. Dans le cadre de ce schéma on examine les caractéristiques
générales, indépendantes de la structure, de la ségrégation. Les résultats
des calculs atomistiques pour les joints de grains présentant soit un faible
taux d’impuretés, soit un taux croissant d'impuret@s, sont présentés. Les
relations entre la structure des joints et la tendance & la ségrégation,
ainsi que les changements structuraux provoqués par la ségrégation sont
discutées & la lumidre de ces calculs.

Abstract.~ Some important aspects of the atomic structure of grain bound-
aries in pure metals, in particular the structural model of general grain
boundaries and the multiplicity of structures, are discussed first. An
empirical scheme for the desciption of atomic interactions in alloys is then
outlined. General, structure independent, properties of segregation are
examined in the framework of this scheme. Results of the atomistic calcula-
tions of grain boundaries with a low as well as a gradually increasing
concentration of impurities are then presented. The relationship between
the boundary structure and the propensity to segregation together with the
structural changes invoked by segregation, are discussed in the light of
these calculations.

1. Introduction

Segregation of solutes and/or impurities to grain boundaries is a general
phenomenon which occurs both in metallic and non-metallic materials an it may af-
fect significantly various material properties. For example, increased concentra-
tion of alloying elements at grain boundaries leads to changes in grain boundary
diffusivity [1] and it also influences the ability of boundaries to act as sources
and sinks of vacancies [2]. This, in turn, affects, for example, the creep proper—
ties of materials, in particular the creep fracture [3]. Similarly, migration of
grain boundaries is to a large extend controlied by their interaction with impuri-
ties {4]. The presence of impurities at grain boundaries also invokes local
changes in the electronic structure of the material and often leads tola signifi-
cant decrease of cohesion at the interface. The former may have a pronounced
effect, for example, on the electronic properties of semiconductors and the latter
increases the susceptibility to intergranular fracture [5-7].
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The thermodynamical, phenomenological description of segregation has been
developed by a number of authors (e.g. [8~10]). In this context the propensity for
segregation has usually been interpreted in terms of general physical and chemical
characteristics of the alloys and their components. such as differences in atomic
radii and electronegativities or solid solubility. However, the discrete atomistic
structure of grain boundaries has not been considered in these developments. On
the other hand, there is an ample experimental evidence that the structure of grain
boundaries plays a role in the segregation process. The segregation has been
observed to be anisotropic and selective [l11-14] as well as dependent upon the
misorientation of the grains [15] and orientation of the boundary plame [16]. The
promotion of faceting by segregation [17-19] and the observed changes in the number
of low energy boundaries detected in the sintering of spheres experiments [20] sug-
gest that segregation induces significant changes in the grain boundary structure.
A detailed review of these phenomena can be found in [21]. Hence, atomistic
studies of grain boundaries with segregated impurities are needed to incorporate
the structural aspects into the theoretical description of segregation, The first
aim of such studies must be to investigate the role the large variability of grain
boundary structures plays and to assess the relative importance of the structural
and chemical factors for the propensity to segregation. Understanding of possible
structural changes in the boundaries invoked by the segregation, their relationship
to chemical changes and the influence of both upon the grain boundary phenomena is
another goal of the atomistic studies.

Until now only very limited atomistic studies of grain boundaries with impuri-
ties have been performed, usually for low concentrations of the segregant. All the
calculations which considered fully the grain boundary structure and possible re-
laxations due to the impurities, have been made using empirical central forces to
describe the atomic interactions. On the other hand possible changes in the cohes-
sion invoked by the presence of impurities have been discussed recently using the
molecular orbital cluster methods [22,23) and by describing the bonding wusing an
analogy with the theoretical description of chemisorption [24,25]. In both cases
it has been concluded that the embrittling elements may cause a decrease in bonding
of neighbouring metal atoms owing to the formation of covalent bonds between the
impurities and the host atoms. However, since no features of the atomic configura-
tions specific to the grain boundaries have been included into those studies these
conclusions are of general nature, independent on whether the impurity is in the
boundary or elsewhere.

The first atomistic calculations with full relaxation which employed the cen—
tral forces have been made by Weins and Weins [26] and by Beeler and coworkers
[27,28]. 1In the former case Cu was studies as a substitutional impurity in Au and
a significant anisotropy of segregation was found. In the latter case the investi~
gation of carbon as an interstitial impurity in f.c.c. iron has been made and it
was found that in the vicinity of C atoms more close packed atomic configurations
have been formed. A similar study has also been made by Nichols [29]. More recen—
tly an atomistic study of grain boundaries with impurities was performed by Machlin
and Levi [30] for a model f.c.c. system employing the potentials constructed in
ref, [31]. They concluded that segregation was favoured when the atomic diameter
of the solute was larger than that of the host and also when the cohesive energy
of the solute was smaller than that of the host. A Monte-Carlo simulation of the
equilibrium distribution of impurities in the vicinity of two £ = 5 grain bound~
aries has been performed in ref. [32] using a Morse potential for the Cu-Bi system.
A good agreement with the McLean's isotherm [8] was found. The Morse potential
has also been employed in the recent study 133] of the £ = 5 boundary in the b.c.c
iron with phosphorus as an impurity. In this study both the dilute and high con-
centrations of P have been considered and in the latter case a transformation of
the boundary structure was observed.

An empirical description of interatomic forces in alloys has recently been
developed in ref. [34] with the aim to use it in the atomistiec studies of ecrystal
defects. 1In this scheme the energy of the system is expressed in terms of pair
potentials.-and a density dependent term. This description of interatomic forces
has then been employed in a systematic study of boundaries containing low concen—
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tration of impurities for the systems Cu-Bi, Cu-Ag and Au-Ag {35]. 1In the present
paper we first summarize the main aspects of the grain boundary structure which
need to be considered when studying segregation. We then outline briefly the
above mentioned empirical scheme of the description of interatomic forces and
discuss the general, structure independent, properties of segregation which can be
deduced in the framework of this scheme. Finally, we discuss the atomistic aspects
of segregation, first for the case of low concentration of the solute in the bound-
ary when no direct interactions between individual solute atoms exist, and then
for the gradually increasing concentration. This we demonstrate on the example of
the Cu-Bi system and the £ = 5 (310) tilt boundary.

2, Atomic Structure of Grain Boundaries

The majority of atomistic calculatioms have been carried out for high coinci-
dence, low I, boundaries. Tilt boundaries have been analysed more frequently
than twist boundaries and no study of mixed tilt and twist boundaries has been made.
In general, it has been found that the boundary region is very narrow, of the order
of one to two lattice parameters and the atomic configurations in the boundaries
may often be described as compact polyhedra [36~38] which are analogous to the
polyhedra identified by Bernal [39] in models of liquids but, in general, they are
not close—packed. An important relaxation at the grain boundaries is the relative
translation of the grains away from the coincidence position [38,40,4l] so that
there are then no coincidence atoms at the boundary. However, the question arises
whether these results are specific for the low I boundaries or equally applicable
to general boundaries and if so what is the relationship between the high coinci-
dence and general boundaries.

Any general boundary can be approximated as closely as required by a high T
coincidence boundary. When this is done the use of coincidence allows us to de-—
scribe the general boundary as periodic but it has no other physical significance.
Hence, structures of high ¥ symmetrical and asymmetrical tilt boundaries have been
investigated [42-44] in order to clarify the atomic structure of general boundaries.
The most important conclusion of these studies is that for a given inclination of
the boundary plane, all high & boundaries, in a certain misorientation range, can
be described as composed of two types of units. The dimensions of these units
are such that the boundaries that delimit this misorientation range may each be
constructed as a contiguous sequence of one type of these units. Indeed, a contig-
uous sequence of, at least one of these units, always corresponds to a mechanically
stable structure of one of the delimiting boundaries. This boundary is called
favoured. If contiguous sequences of both types of units, which is usually the
case, lead to stable structures then any general boundary, also called non-favoured,
in the misorientation range delimited by the two favoured boundaries, is composed
of a unique sequence of units of these two boundaries. (When the translation
states of the delimiting boundaries are not compatible units of intrinsically
unstable structure may be introduced into the non-favoured boundaries [44]). It
has recently been shown that this description of high I boundaries applies also to
the twist boundaries ([45], D. Schwartz, A. P. Sutton and V. Vitek, to be publish-
ed) and it is likely to be entirely general, applicable also to mixed boundaries.
Examples of two favoured boundaries, I = 5 (210) and £ = 5 (310), calculated using
a potential for Cu [34], are shown in Figs 1 and 2, respectively. An example of a
non—favoured boundary is shown in Fig. 3 where the period of the £ = 73 (830) bound-
ary is seen to be composed of the two units of the (310) boundary and of the one
unit of the (210) boundary.

In the atomistic studies of grain boundaries it has been frequently found that
more than one stable structure may exist for a given geometrically defined boundary
[38]. Some of these structures may be symmetry related [4l] while others are not
and possess different energies. Our recent studies (Gui Jin Wang, A. P. Sutton and
V. Vitek, to be published) have shown that the multiplicity of grain boundary
structures is a very general phenomenon and in the case of general boundaries a
very large number of different structures which possess very similar energies, may
exist for any geometrically well defined boundary. The reason is that several dif-—
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Fig. 1. ¥ =5 (210),

A + A 36.87°7 [00L] symmet—
rical tilt boundary
in Cu (structure B).
+ and 4 represent

+ here and in all the
following pictures,
atoms in different
(002) planes. Two
units of the boundary

+ are marked by full

A + lines.

>4
s
o

A A ' A A

Fig. 2. T =35 (310}, 53.,13°/{001] symmetrical tilt boundary in Cu. The basic
unit of the boundary is marked by full lines. The unit cell used in the
studies of this boundary with solutes is marked by dashed lines.
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ferent structures of favoured boundaries may occur which can then all play the role
of structural units in the general boundaries. For example, if the two favoured
boundaries, delimiting a certain misorientation range, occur in i and j different
configurations, respectively, a2 non—favoured boundary composed of n units of

the first and m units of the second boundary may exist in iR. j® different configura-
tions; not all these configurations are of course, necessarily stable or of low
energy. This large multiplicity of grain boundary structure may be instrumental

in explanation of the ease of diffusion, ability of boundaries to act as sinks

and sources for vacances etc. (Gui Jin Wang, A. P. Sutton and V. Vitek, to be
published).
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i symmetrical tilt boundary in Cu. (a)
l— n ABB structure, (b) AB'B' structure,
- ' e (c) ABB' structure. Units of the
+ A (210) boundary are marked by full
+ A ] lines and units of the ideal crystal
A + by dashed lines.
A + N
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As an example another configuration of the favoured & = 5 (210) boundary is
shown in Fig. 4. The ratio of the energy of this structure to that shown in Fig. 1
is 1.04, Consider now, for example, ¢ = 17 (530) boundary which is composed of
two units of the (210) boundary and one unit of the ideal erystal (¢ = 1 (110)).
Using the two available (210) structures this boundary may exist in four modifica-
tions. If we mark units of the ideal crystal A and units of the boundaries shown
in Figs. 1 and 4 B and B', respectively, these are ABB, AB'B', ABB' and AB'B. The
first three of these configurations have, indeed, been found to be stable and of
low energy. They are shown in Fig. 5 and the ratios of their energies are
1.07:1.09 :1.0.

This model of the grain boundary structure suggests that properties of low I ,
short period, boundaries may be extrapolated with good confidence to high I bound-
aries and thus to the boundaries of general type. It also implies that the proper-—
ties controlled by the core of the boundaries, e.g. propensity to segregation,
although not the same for all boundaries, need not show any extreme behaviour at
favoured boundaries. However, a discontinuous change in the derivative of these
properties with respect to misorientation may occur at a favoured boundary since
different structural elements are introduced at higher and lower misorientations
than the favoured boundary misorientation [44]. It is possible, however, that
some of the favoured boundaries, such as £ = 3 (111) twin, possess particularly
"ordered" structures and thus particularly low energy, propensity to segregation
etc. These boundaries could then be termed special. The multiplicity of grain
boundary structures suggest that a possible effect of segregation may be occurance
of transformations between different structure and/or enhancement of the occurance
of one or several of the large number of structures available in the case of gen—
eral boundaries. These phenomena can, however, be only assessed when carrying
atomistic studies of boundaries with impurities.

3. Description of interatomic forces and general aspect of segregatiom.

In the empirical description of interatomic forces which has been developed in
ref. [34], the energy per atom i, Ej, in a binary alloy A)_xBx is

1 N ij )
B =y ) 90 (g v 0, Oy )
4

where N is the total number of atoms and ¢1J] is, depending on the species of
atoms i and j, either @AA, 98B or ¢AB which are the three potentials des-
cribing A-A, B-B and A-B interactions, respectively. U, is the density dependent
part of the energy which is a function of the average volume per atom and it has
been taken as

u, = a-0uvd + xoB (2)

where UA and UB are the corresponding density dependent parts of the energy for
the pure elements A and B. U¢ (u = A,B) is further written in the form of an
expansion:

o ¢, 0o o’ ao a0 1La'', ao o, 2
= - + U - (3
Uv Uv (va )+ Uv (Va )(va Va ) 2v (va )(va Va )

where vaao is the atomic volume of the pure element « in equilibrium.
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The potentials ¢1d were represented by third order polynominals together
with a repulsive term proportional to r~®. For pure metals the parameters in the
potentials and volume dependent terms were chosen such as to fit the cohesive ener-
gy and elastic constants of the material (note that Cauchy relations are not satis—
fied in this case) and to satisfy the conditions of mechanical stability for a giv-
en structure and lattice parameter; resonable values of the stacking fault energy
have also been required in the case of f.c.c. and hexagonal crystals. For alloys
the possible charge transfer was first taken into account following the procedure
suggested by Machlin [31l], by introducing reference structures of A and B elements
with modified lattice parameters and adjusting the repulsive parts of A-A and B-B
potentials. The A-B potential was then determined by requiring that the lattice
of the random substitutional alloy be mechanically stable for the lattice para-
meter determined using a modified Vegard's law and by fitting self-consistently the
enthalpy of mixing. The latter means that for low concentrations (X < 0.05) the
enthalpy of mixing was fitted when taking fully into account the relaxation of
atoms A in the vicinity of a substitutional atom B. The effects of this relaxation
were then extrapolated to higher concentrations but full relaxation calculations
had not been made for higher values of X. These procedures, together with the dis-
cussion of the validity of the corresponding potentials, have been discribed in
detail in ref. [34].

When studying grain boundaries we always assume that their structure is pe~
riodic. In the case of boundaries with impurities the corresponding repeat cell
may be a multiple of the repeat cell of the pure boundary, depending on the con-
centration of the solute in the boundary. Let us assume that there are N = Np-Hp
atoms in the repeat cell of a boundary, where Ny is the number of solvent atoms
and Ng the number of solute atoms. Assuming tha Np>DNp the energy per unit area
of this boundary, measured with respect to the ideal crystal of the solvent, is

YgA NB = %- 2 X¢1J(r ) + N UA (vAo) +
P
1—lJ
+ 127 %) av's + E‘BUB( 5y - we? w
v Va el Vv Vak c

where Sp is the area of the repeat cell in the boundary plane, AV is the total
volume change per one repeat cell of the boundary for this concentration of the
solute, is the atomic volume of the solute k in the boundary (evaluated

as descrlied in [35]) and EL is the cohesive energy per atom of the solvent.
Summation over i extends over all atoms in the cell and summation over j extends
over all atoms interacting with atom i. When another solant afom is replaced by
the solute atom the energy of the boundary changes to ybA iven 1.
by equation (4) in which N, is replace by Np~l, Np by Np+l and aV'B by A NS M
note that the contributions of the pair potential terms are also different in the
two cases. The change of the boundary energy per one solute atom is then

AYgB (YNA 1, N + 1 YEA'NB) )

and the enthalpy of mixing corresponding to placing the solute intc the boundary
which originally contained Np solute atoms in the unit cell, is

Ng _ N
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where
EAB _ A B .
AE < E -E 7>

is the difference between the cohesive energies of the solvent and the solute.

The energy of segregation, EEB, corresponds to the change of the energy of
the system when a solvent atom in the boundary containing already Ng solute
atoms in the unit cell, is replaced by a solute which was originally in the bulk.
It is

N, N B
= B _
ESB AHmb AHm (8)

where AHﬁ is the enthalpy of mixing per one solute atom in the ideal lattice of
the solvent. The condition for segregation, ESB<0, may then be written as

N B
b,B < AH - AEZ\B 9)

Aﬂg and AEéB are both constants for a given alloy system. Hence, the upper

limit of the change of the grain boundary energy associated with introduction of a
solute to the boundary, for which segregation is favoured, is independent of the
grain boundary structure. For the systems considered in [35] and in the next sec—
tion the right side of the inequality (9) is always positive (for Cu-Bi system it
is 1.799eV) and thus segregation may be favourable even though the boundary energy
increases.

In contrast with the right side of (9), AYbNB is strongly dependent on the
atomic environment of the boundary site considered (see next section) and for a
given alloy system it can lie within a broad band of values. In a polycrystal the
number of boundaries is very large and the distribution of misorientations is ran-
dom. Hence many possible sites exist and it is therefore likely that the inequali-
ty (9) can always be satisfied, at least initially, at some boundary sites. Thus
at least-a limited segregation is likely to occur in any alloy system. As discuss—
ed in more detail in [35], the probality that segregation occurs when a large numb—
er of different segregation sites are available, is the higher the larger is the
allowed change in the boundary energy, i.e. the larger is AH - AECB. This
suggests first that the prepensity for segregation should increase as AH) in-
creases i.e. as the solubility decreases. This is generally in good agreement
with the experimental observations [9,46]. Secondly, the propensity for segrega-—
tion should increase as AE decreases, i.e. the lower is the cohesive energy
of the solute and the higher is the cohesive energy of the solvent. This has also
been found in calculations of Machlin and Levi [30].

It should be emphasized that the above dependence of the propensity to seg-
regation on AH and AE” applies only in average and cannot be applied to
any specific segregation site where the effect of the local environment can over—
ride these general trends. These aspects of segregation as well as any changes
in grain boundaries invoked by segregation can only be investigated using atomistie
models of grain boundaries.

4, Atomistic studies of grain boundaries with impurities

Atomistic calculations of the & = 5 (210), structure B (Fig. 1) and
¥ = 17 (530), structure ABB (Fig. 5a) tilt boundaries in Cu and Au with Bi and Ag



C6-155

as impurities, have been made in ref. [35] for low concentrations of the solutes in
the boundaries. Recently, similar calculations have also been made for f = 5 (210)
structure B', for the other two £ = 17 (530) structures (AB'B' and ABB') and for
the ¥ = 5 (310) boundary shown in Fig. 2 (Gui Jin Wang and V. Vitek, to be publish-
ed). In all these calculations solutes were introduced into the grain boundaries
periodically in rectangular lattices with sides parallel and perpendicular to the
tilt axis. For the £ = 5 (310) boundary this lattice has sides [130] and [002],
respectively. The spacing of the impurities then corresponded to concentrations
0.096, 0.074 and 0.068 of a monolayer for the (210), (530) and (310) boundaries,
respectively. (One monolayer would correspond to the close—packed layer of solutes
assuming the lattice parameter of the solvent). For these concentrations the
spacing of the solutes was always sufficiently large that no impurity interacted
with another directly. Impurities were introduced successively to a number of
substitutional, non-equivalent sites, such as sites A-F marked in Fig. 2. The

full relaxation calculation which allows for the relative displacements of the
grains, local readjustment of atom positions and also for an expansion perpendicu-
lar to the boundary, was carried out in each case employing the calculation method
described in detail in ref. [35]. Since the solutes have been introduced periodi-
cally into the boundaries no overall extension parallel to the boundary plane can
take place. This represents a constraint imposed on the relaxation but if a net
area change were allowed parallel to the boundary it would accumulate into a finite
strain which would produce long range strain fields in the adjoining grains. This
strain could be relieved, of course, by the formation of a network of grain boundary
dislocations which indeed occurs in the transition from coherent to semicoherent
interfaces. However, in our case, owing to the low concentrations of impurities,
we are far removed from this situation and the above mentioned long range field
would only lead to a substantial energy increase. This will not occur, however,

if the periodicity is maintained and an overall volume change occurs only by an
expansion or contraction normal to the boundary.

At low concentrations the main characteristics of the propensity to segrega-—
tion as well as the effect of the solutes upon the grain boundary structure was
found to be similar in all boundaries studied. The most significant structural ef-
fect on the propensity to segregation is the anisotropy of segregation sites that
is manifested by the very significant variation in segregation energies from one
atomic site to another. This is particularly pronounced in the Cu-Bi system. An
example 1s shown in Table l where Eg is listed for the case of Bi at different
sites in the ¥ = 5 (310) boundary in Cu. (Note that the sites D and C are not equi-
valent because of the lack of mirror symmetry across the boundary plane which is
caused by the relative displacement of the top grain with respect to the bottom
grain by 0.04 [130]).

TABLE 1
Site A B C D E F
Eg(eV) 0.80 -2.0 0.35 0.7 =2.0 -1.8

Fig. 6 shows the hydrostatic stress field of this boundary and comparison with the
Table 1 shows that the segregation energy is positive for the sites associated with
compression and negative for these sites which are associated with tension. This
suggests that it is the size effect that governs the propensity for segregation of
Bi to grain boundaries in Cu. An analogous behaviour has been observed in the case
of Ag as an impurity in Cu [35]. 1In this case positive segregation energies were
found for all the sites studied but they were lower for the tensile sites. How~
ever, favoured segregation was found for the £ = 17 (530) boundary with AB'B'
structure as well as for the £ = 5 (310) boundary (Gui Jin Wang and V. Vitek, to be
published). In the case of Ag as an impurity in Au no significant differences in
the segregation energy exist between tensile and compressive sites (Ag and Au atoms
possess almost the same atomic volumes) and segregation was found to be favoured
for all the sites studied [35].
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The detailed aralysis of the relaxed structures indicates that although no
drastic changes in the boundary structure occur, significant local relaxation al-
ways takes place around solute atoms. These relaxations differ for each case and
they cannot be related only to the types of solutes and solvents but depend on the
local structure of the boundary. They ultimately decide whether the segregation
is favoured at a grain boundary site, since they deterimine whether it is possible
to relax the atomic configuration around an impurity atom so as to produce the
optimum atomic environment for the impurity atom without excessively distorting the
host boundary structure. In the case of Bi in Cu such sites are usually those
associated with a local expansion but no such identification can be made in the
case of Ag in Au.

Fig. 6. Hydrostatic stress map
of the (210) symmetrical tilt
= & boundary in Cu. The arrows
D drawn at individwal atom posi-
N - «~———  tions represent hydrostatic

B A tension when pointing to the

- c “ left and compression when point-—

- F - ing to the right.

No substantial differences in both the propensity to segregation and the con-
commitant changes in the boundary structure were found between the (210) and (310)
favoured boundaries and the non~favoured (530) boundary. Furthermore, similarities
between the behaviour of the sites in the (210) boundary and the corresponding
sites in the (210) units of the (530) boundary were observed. Thus no unusual fea-
tures of the segregation have been observed for the favoured boundaries (210) and
(310) when compared with the non-favoured (530) boundaries which is in agreement
with the general discussion in section 2. On the other hand the energy of each
of the three different structures of the £ = 17 (530) boundary changes differently
with segregation. For example for the case of Cu when Bi is placed to the most
favourable sites in each of these structures the ratios of their energies in the
order ABB:AB'B':AB'B are 1.18:1,06:1.,0. Comparing with the ratios given in section
2 for the pure boundaries it is seen that the energy of the ABB structure increases
substantially while the energies of the AB'B' one ABB' structures move closer to-—
gether. Hence, segregation may eliminate some of the possible structures of
general boundaries while making others more equivalent.

In order to study the dependence of the propensity to segregation upon the
solute concentration and solute-solute interaction as well as to investigate
possible structural changes associated with increasing concentration of the solute
at boundaries, atomistic studies of grain boundaries with much higher content of
impurities need to be carried out. These studies are presently in progress and
here we report only some preliminary results of the calculations of the £ = 5 (310)
boundary in Cu with gradually increasing amount of segregated Bi. As in the cal-
culations for low concentrations of impurities the periodicity of the structure is
assumed throughout and the repeat cell is always [130]x[002]. Assuming that the
first Bi atom segregated into the B site (large negative segregation energy) the
second Bi atom was put successively into a number of sites listed in Table 2 (see
also Fig. 2) where the corresponding segregation energies are also given.
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TABLE 2
Site By C Cy E Ey 13 Fi
Ed(ev) -1.8 0.7 -1.0 -2.0 =21 -1.7  -L.8

It is seen that the presence of the Bi atom at the B site affects only slightly the
segregation energies for the sites B], E, E], F and Fl (Bl, El, Fl are equivalent
to B, E, F, respectively in the pure case). On the other hand C) site now becomes
favourable for segregation while the segregation energy for the site C (and C])

is positive when no other atom is present in the unit cell (see Table 1). This

is obviously a consequence of the Bi-Bi interaction which is still negligible when
Bi is at the sites B and, for example, at Ej but becomes important and strongly
attractive when it is at the site B and Cj. When two Bi atoms are present in the
unit cell of the boundary the relaxation is generally more extensive and the rela-
tive displacement of the two grains away from the coincidence position increases.

When two sites with the lowest segregation energies, e.g. B and Bj or B and
Eq are occupied by Bi atoms then the third Bi atom can be most favourably placed
into the sites Ej; or B), respectively, since they correspond to the lowest segre-—
gation energies in this case. The fourth Bi atom is then most favourably placed
into the site E but other sites become also available, for instance site A posses~
ses now a negative segregation emergy, although it was unfavourable for segregation
originally. Thus the number of sites favourable for segregation increases with
encreasing concentration of Bi. The structure of the £ = 5 (310) boundary contain-
ing Bi atoms at the sites B, B}, E and E)| is shown in Fig. 7. Clearly the struc-
ture has now changed significantly when compared with that of the pure boundary.
The most pronounced is the increase of the relative displacement of the upper
grain with respect to the lower grain away from the coincidence position; this
displacement is now 0,08 [130]. The configuration formed when Cu atoms were succes—
sively replaced by Bi atoms at those sites which possessed the lowest segregation
energy, appears to be a two—dimensional ordered structure in which every Bi atom
is surrounded by Cu atoms and vice versa. This is, of course, enabled by the
periodicity of the grain boundary structure. The basic features of this ordered
structure, such as the average separation of Bi atoms, appear to be determined by
the Bi—-Bi and Cu~Bi interactions; for example, in the structure shown in Fig 7 the
Bi-Bi separations closely coincide with the distance at which the Bi-Bi potential
has a minimum. On the other hand the details of this ordered layer are related to
the original atomic structure of the grain boundary. Hence, if such ordered layers
are formed at different boundaries it is likely that the average separation of
solutes and solvents in them will be similar while details of these configurations
will depend on the structure of the given boundary. It is, of course, possible

4 + 4 -
A FAY P A
+ + + +
B— = — - — —g + 54 + = -
/ /
5 + X + R + 4 +
/ /
+ + + +
A/——-———-—J B A
-+ + + +
A A A A
-+ + “+ -+

Fig., 7. L =5 (310) symmetrical tilt boundary in Cu with Bi atoms (depicted as
B ) segregated to the B and E sites in each period. The original unit
of the boundary is marked by dashed lines.
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that further decrease of the energy of the system may be achieved by removing the
solvent atoms from these structures without replacing them by solute which then
leads to formation of a layer of the precipitated solute at the boundary.

5. Conclusions

The atomic structure of general boundaries can always be regarded as composed
of two types of units at least one of which corresponds to the unit cell of a
stable, short period boundary which we call favoured. Hence, complete continuity
of segregation behaviour is expected in large ranges of misorientations. No ex—
treme behaviour is likely to occur at the majority of favoured boundaries but sev—
eral special cases may exist. In general, multiplicity of structures exists for a
given geometrically defined boundary. This multiplicity can be very extensive in
the case of general boundaries which may be important for their physical properties.

From the calculation of the segregation energy within the proposed scheme of
the description of atomic interactions it follows that segregation is favoured when
the grain boundary energy (per one solute atom) changes upon segregation by less
than AHm ~ AE.". This suggests that in polycrystals where the variability
of the types of boundaries is large, the segregation propensity is likely to
increase with increasing enthalpy of mixing and decreasing cohesive energy of the
solute. This rule cannot, however, be applied to individual segregation sites. At
this level the segregation is very anisotropic and the only criterion for segrega-
tion is whether a favourable atomic environment for the impurity atom can be found.
This implies that no rule for segregation propensity to any particular boundary
site can be established, that is based only on physical and chemical characteris—
tics of the alloy and its components. Thus a level of segregation is likely to oc-
cur in any binary system and the question is then whether the concentration of the
solute will grow on these boundaries where segregation was initiated. This appears
to be mainly controlled by the type of the solute-solute and solute-solvent inter—
actions and, therefore, the physical and chemical properties of the solutes and
solvent may govern this part of the segregation process. Since the grain bound-
aries are, at least locally, always periodic two dimensional ordered phases may
form at the grain boundaries as the concentration of the segregant increases. The
average properties of these phases will be governed by the atomic interactions but
the details will depend on the original atomic structure of each boundary. At the
same time significant changes in the grain boundary structure occur. For example,
relative displacements of the grains both parallel and perpendicular to the bound-
ary are altered; the latter corresponds to the expansion or contraction at the
boundary. Since these displacements can, in some cases, be detected experimentally
using the transmission electron microscopy [4l,47], their measurements could pro-
vide a technique for experimental investigation of the atomistic effects of segre—
gation. In the case of general boundaries segregation also affects the multipli-
city of structures which may then be reflected im various physical properties of
the boundaries.
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DISCUSSION

C.L. BRIANT : I assume based on your introduction that you do not feel
chemistry plays a role in determining the structure and energy of

a segregated grain boundary? Could you comment in this point?

V. VITEK : Chemistry certainly plays a role and if we wish to compare beha-
viour of specific alloys and others , for example, the correct
numerical values of the segregation energy, chemistry, i.e. elec~
tron theory of bonding, has to be employed. However, the purpose
of our study is to investigate various possibilities of the effects
of structure upon segregation and this, I believe, can be modelled
using a simpler and rather flexible approach which employs pair

interactions.

J.D. BUDAI : Have you extended the concept of favoured and non-favoured boun-
daries to include a variation of grain boundary parameters other

than just the misorientation angle?

V. VITEK : Variation of the oriemtation of the boundary plane has been taken
into account by combining the structural unit model with Wulf plot

studies (Sutton and Vitek, Phil, Trams. Roy. Soc., to be published).



