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Résumé. 2014 De tout temps, les utilisateurs des matériaux ont tenté de contrôler leurs microstructures dans le
but de leur conférer des propriétés spécifiques pour un emploi donné. C’est de ce point de vue que cet article
de synthèse considère les joints de grains, éléments fondamentaux de la microstructure polycristalline, avec
deux objectifs : a) tenter d’élucider les relations entre la cristallographie d’un joint de grains, qui détermine sa
structure, et différentes propriétés de ce joint ; b) établir la distribution des joints de grains dans un polycristal
selon leurs caractéristiques géométriques afin de comprendre leur contribution aux propriétés de l’ensemble
polycristallin.

Abstract. 2014 It has long been a major preoccupation of materials users, whether implied or explicit, to tailor
microstructures in order to adapt specific properties for a given application. In this context, the principal aim of
the present review article is to consider the fundamental elements of polycrystal microstructures, i.e. the grain
boundaries. The paper discusses current understanding of two important aspects : a) the possible relationships
between the geometry of a grain boundary, which determines its structure, and its various properties ; b) the
distribution of geometrical characteristics, which for real boundaries can only be approached experimentally,
in an endeavour to determine the intergranular contribution to the overall properties of a polycrystal.
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1. Introduction.

The question of the correspondance between the
geometrical speciality (1) of grain boundaries and
special intergranular properties has become extre-
mely topical for two essential reasons :
- the increasing ambiguity between the

« geometry-structure » relationship and the assertion
of the continuity and multiplicity of intergranular
structures [1-6] ;
- the general acceptance by crystal interface

specialists of the « grain boundary design » concept
advanced some years ago by Watanabe [7].
The clearest evidence for the growing interest in

this subject is the rise in the number of papers and

(1) The geometry is defined here by the macroscopic
crystallographic parameters : misorientation ( 9, [uvw ) )
and grain boundary plane (hui) that generally control
most macroscopic properties. Nevertheless, care must be
taken concerning grain boundary diffusion measurements
that may be affected by the rigid body translation micro-
scopic parameters.

international meetings of which it is the central

theme.
The aim of the present review article is to describe

the present situation of the « structure-properties »
relationship by considering :
- the historical development of the concept of

« speciality » (Sect. 2) ;
- available evidence conceming the relation be-

tween geometry and properties (Sect. 3) ;
- present prospects for tailoring the properties

of polycrystalline materials via the control of grain
boundaries (Sect. 4). In order to do this, a first

requirement is to determine the distribution of
boundaries according to their geometries (designated
« grain boundary texture »).

2. The concept of geometrical speciality.

Implicit in the term « geometrical speciality » is the
assumption that specific values of misorientation

and/or certain grain boundary planes can lead to
particular intergranular structures. This possibility
will be discussed below.
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2.1 SPECIALITY BASED ON THE NOTION OF COIN-
CIDENCE. - In early models, in which grain bound-
aries were considered as amorphous layers [8], the
idea of speciality is totally absent. This notion was
first introduced by Read and Shockley in their

description of low-angle boundaries «(J : 150) [9].
Based on Friedel’s coincidence concept [10],
Bollmann then developed a geometrical approach,
using two mathematical tools, the zero-lattice and
the DSC-lattice (displacement shift complete), in

which any grain boundary can be formally considered
in terms of periodic arrangements of intrinsic dislo-
cations [11]. This led to a basic contradiction, which
has never been resolved, between the theoretical
continuity of intergranular order and the necessity to
define a « physically significant » order correspond-
ing to some criterion of speciality. The first trans-
mission electron microscope (TEM) observations on
bicrystals of controlled misorientation favoured a
physical order linked to the visualization of intrinsic
dislocations [12-14]. For symmetrical pure twist or
pure tilt boundaries, critical angular deviations either
from a single crystal ( 9 , 20° ) or from a coincidence
misorientation with X 25 are then defined as

speciality criteria, provided that intrinsic dislocation
networks are visible in the TEM. X is the inverse

density of coincidence sites. The critical angular
deviation 039403B8c increases with decreasing 2.

Later, the existence of primary dislocation net-
works in grain boundaries with misorientations up to
45° were revealed indirectly by X-ray diffraction [15,
16], providing the first evidence that the geometrical
continuity of the 0-lattice is physically relevant. At
about the same time, it was found that simple
periodic arrays of dislocations could be observed in
grain boundaries of any misorientation provided that
the axis of the latter corresponded to a close-packed
direction of the crystal lattice. In f.c.c. metals, this
geometry leads to good matching across the bound-
ary of the most closely-packed planes {111},
{200} or {220} [17]. This « matching-plane » model
was later described as being an extreme case of
coincidence, obtained when X tends to infinity [18],
a coincidence axis direction being preserved in the
boundary plane [19].
At this stage, three types of symmetrical bound-

aries were considered to have « special » character-
istics :

- low angle boundaries : 0 -- 20° ;
- Coincidence Site Lattice (2) (CSL) bound-

aries :

(2) The Coincidence Lattice (CL previously called

CSL) is obtained by the intersection I of the translation
subgroups T’ and TII of the two crystals : 1 = TI n Titi.

- Coincidence Axis Direction (CAD) bound-
aries :

A more suitable terminology is now generally
adopted for CSL and CAD boundaries, respectively
three-dimensional and one-dimensional coincidence

grain boundaries.
In all cases, the intrinsic dislocations can only be

visualized for a particular orientation of the grain
boundary plane, which is not frequently encountered
in real polycrystals.

In any case, a speciality criterion which is related
to experimental techniques is obviously not satisfac-
tory. Nevertheless, based on the principle that, even
in the absence of experimental evidence, three

dimensional coincidence can still occur between two

crystals whose relative orientations are close to a
CSL conditions (3), a number of more general
criteria have been defined which are particularly
useful for grain boundaries in polycrystals. All these
arbitrary criteria are based on the probability that
any grain boundary will possess a periodic structure,
provided that its misorientation does not exceed the
critical deviation â (} c from the coincidence orien-
tation, given by

where b is a possible Burgers vector of the inter-
granular dislocations :

and p is a possible periodicity in the boundary
plane :

Different values have been attributed to m and n,

giving rise to more or less restrictive criteria [24-26].
The most frequently employed criterion is that due
to Brandon :

15° being the limiting misorientation for low-angle
boundaries.

(3) This statement is only true for materials with cubic
symmetry. The concept of exact three dimensional coinci-
dence has very limited applications in the case of structures
with lower symmetry, for which it only exists for a

particular axis of rotation, such as the sixfold axis in

hexagonal systems or the threefold axis in rhombohedral
crystals. In most cases, only a near coincidence relation
can be obtained by the rotation of one grain with respect
to the other. An additional deformation is then required to
superimpose the multiple unit cells of the two crystals,
chosen for similarity of shape and size, so as to obtain a
coincidence lattice [20-23].



421

A boundary is therefore considered to be special
if :

Whether they involve either real or virtual intrinsic
dislocations, the above criteria are implicitly based
on the principle that a grain boundary will maintain
a coincidence structure because it is energetically
favourable. However, both measurements and calcu-
lations show that an implied simple relationship
between the coincidence index X and boundary

Fig. 1. - a) Relaxed Energies of ( 110 ) symmetrical tilt
grain boundaries in Cu determined by means of the spline
potential versus tilt angle 2 8 [27]. b) The corresponding
interplanar lattice spacings parallel to the grain boundary
plane. Note that : Primary cusps are associated with high
spacings (e) and secondary cusps with intermediate spac-
ings (0153).

energy does not exist. Not only does a low value of X
not necessarily correspond to a minimum energy,
but the orientation of the boundary plane also has a
far from negligible influence (Fig. 1) [27].
An atomistic representation of grain boundaries

thus appeared to offer a more fruitful approach in
the quest for an improved criterion of speciality.

2.2 SPECIALITY BASED ON THE STRUCTURAL UNIT
MODEL. - Grain boundary energy calculations
have shown that the atoms in the intergranular
region adopt a limited number of polyhedral con-
figurations, and any boundary may be described as
an arrangement of these polyhedra or « structural
units » [28-30]. Only those grain boundaries that are
composed of regular arrays of a single type of
structural unit, known as « delimiting boundaries »,
possess a relatively low energy. The structural unit
may either be « primitive », in which case the

boundaries are said to be « favoured », or may be

composed of different, slightly distorted elements,
forming a « multiple unit reference structure » [30].
Any special « CSL » boundary can be described as a
simple combination of the basic units associated with
two favoured boundaries with misorientations on
either side of the one considered (Fig. 2b) [29]. The
sequence becomes more complex for « general »
grain boundaries, i. e. with a high 2 value, and can
involve arrangements such as : AAA B AAA B...
(Fig. 2c).
The geometrical and atomistic descriptions were

for a long time considered independently, but were
combined in a single model, designated SU/GBD
(Structural Unit/Grain Boundary Dislocation),
when it was found that the periodicity of the
minority units was identical to that of the secondary
dislocations [31, 32]. Moreover, the continuity of the
intergranular order was confirmed. Thus, while the
atomistic approach led to a better understanding of
grain boundary structure, it did not solve the prob-
lem of defining a criterion of speciality. Indeed, it

might even be argued that, being ordered, most, if
not all, boundaries are special. In practice, two
possible attitudes can be adopted :

a) only favoured boundaries are considered to be
really special ;

b) an arbitrary limit is selected for the degree of
organization of the structural units (and therefore of
the dislocations) ; this procedure is analogous to the
definition of a critical angular deviation discussed
above (cf. Sect. 2).
Whatever the solution chosen, the use of the

SU/GBD model to define a speciality criterion was
made questionable by the discovery that a single
boundary can have a multiplicity of structures. On
the one hand, a given delimiting boundary can be
described by different basic units of similar energy
[4, 30], so that the various combinations give rise to



422

Fig. 2. - Core structures of relaxed [001 ] symmetrical tilt
boundaries in Cu [29]. 03A3 = 1 (d) and X = 5 (a) are the
delimiting « favoured » grain boundaries, A and B being
the respective structural units. The grain boundary
2 = 37 is constituted by an arrangement of units A and B
(c) a little more complex than the sequence of these units
in X = 17 (b).

a plurality of possible intergranular structures

(Fig. 3). On the other hand, any grain boundary can
be described by choosing two different delimiting
boundaries with misorientations more or less close
to the value considered. The large number of

configurations which result can be considered in
terms of a hierarchy of dislocation arrays (of order 1,
2, 3... and so on) [33]. The higher order GBD’s are
then considered as disturbances in the lower order

arrays, (Tab. I, Fig. 4).
The physical observation of these various arrange-

ments depends on the conditions under which the
boundary structure is examined. Moreover, certain
experimentally determined periodic configurations
(e.g. from X-ray or electron diffraction patterns) do
not always correspond to energetically favourable
structures [6]. This situation leads back to the

dichotomy between theoretical and physical order.
Thus, the SU/GBD model fails to establish a

straightforward relationship between energy and

intergranular structure, even in the simple case of

Table I. - List o f delimiting boundaries used in various hierarchical members o f the SU/GBD description o f
[001 ] symmetrical tilt boundaries. n represents the order of the member in the hierarchy.

symmetrical grain boundaries. It therefore appears
all the more improbable that general grain boundary
properties (including their energy) will be able to be
predicted from cristallographic parameters in the
near future. -

Due to the limitations of the preceding models,
together with the necessity of defining a less sophisti-
cated criterion of speciality, applicable to a random
boundary in a polycrystalline material, other
methods were employed in an attempt to predict
boundary character, or simply to establish guidelines
for the investigation of intergranular structure.

2.3 SPECIALITY BASED ON THE ORIENTATION OF
THE BOUNDARY PLANE. - Wolf [34] was the first to
suggest that the orientation of the grain boundary
plane might constitute a useful parameter for estab-
lishing a new criterion of speciality. His analysis is
based in particular on two observations :

- when the energy of symmetrical boundaries is
plotted as a function of misorientation about an axis
[uvw ], minima, or « cusps » are found to occur
when the boundary is parallel to a close-packed
crystal plane (Fig. 1) ;
- a small deviation from a cusp misorientation

leads to a rapid increase in energy for a symmetrical
tilt boundary, the plane of the latter being modified.
On the contrary, the energy varies very little in the
case of a twist boundary.

This implies that the planar density of coincidence
sites a (4) is not the only factor which controls the
interfacial energy and indicates the importance of
the atomic density in the boundary plane, which is

(4) cr is implicitly taken into account in the X criterion
of the CSL model, since the boundary plane is never

considered to be randomly oriented (cf. Sect. 2.1).
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Fig. 3. - [001 ] symmetrical tilt boundaries in Cu (+ and à
represent atoms in different (002) planes : a and b) two
structural units may be defined for the favoured boundary
03A3 = 5 (210), 36°87/[001] : unit B (a), unit B’ (b) ; c, d and

Fig. 4. - The first three hierarchical descriptions of the 2
73 (830) [001] symmetrical tilt boundary according to

SU/GBD model [33] : a) 03A31 (110) minority units plus X 1
(100) majority units ; b) 03A31 (100) minority units plus 03A35
(210) majority units ; c) 03A35 (210) minority units plus 03A35
(310) majority units.

e) different structures of Z = 17 (530), 28°07/[001] ob-
tained by combination of the unit of the idéal crystal
2 = 1 (A unit) with the B and B’ units of the 1 = 5
boundary [4].

proportional to the interplanar spacing d(hke). Paidar
[35, 36] has lately proposed a classification of

symmetrical tilt boundaries ( ( 110 ) and ( 100 ) in the
f.c.c. system and (100), (111) and ( 110 ) in the
b.c.c. system), based solely on consideration of the
reduced interplanar spacings dla (where a = lattice
parameter). An example of the geometrical construc-
tion of this classification, tree - generated math-
ematically, is shown in figure 5. A hierarchy of the
different interplanar spacings and its various levels
were then defined (tab. II).

This geometrical approach is totally unrelated to
the CSL model, but it is striking that the results
based on the d(hke) criterion are in good agreement
with those of the SU/GBD description. Kwan and
Baluffi [33] have recently described many [001]
symmetrical tilt boundaries with misorientations

ranging from 17 to 73° as combinations of basic units
corresponding to several delimiting boundaries,
table I. It should be noted that the first delimiting
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Fig. 5. - Dependance of the interplanar spacings d (in a/2
units) on the misorientation angle 0 for the [010] rotation
axis, for the planes in FCC lattice. The classification

pyramids are drawn in dashed lines for the planes marked
in the figure [36].

Table II. - Classification o f symmetrical [010] grain
boundary planes in f c.c. lattice.

boundaries chosen appear in the first levels of the
Paidar classification [36], table II. The model there-
fore appears to offer a simple means of selecting
possible delimiting boundaries, among which the
effective favoured boundaries can only be determined
by computer simulations of the intergranular struc-
ture.

This construction is only possible because, in the
case of symmetrical tilt boundaries, the interplanar
spacing data contains the necessary information on
the misorientation. What, then, is the situation for a
general grain boundary ?

In order to study the validity of the d(nk~) criterion
for asymmetrical boundaries, the planar atomic

density can be estimated by considering a mean
value of the interplanar spacings [34] :

A new criterion can then be formulated, based on
the necessity for a boundary to lie in a plane with a
high deff value in order to have a strong probability
of speciality. As in the preceding models, in which
limiting values were considered for X, à 0 or for the
periodicity of the structural units, in the present case
an arbitrary minimum value must be defined for the
reduced interplanar spacing (dla),,. Above this

value, it can be reasonably assumed that the inter-
granular region is not greatly distorted and that the
boundary may present special properties, although
no correlation has yet been established experimen-
tally.

In practice, the further question arises as to

whether or not the coincidence defined by X is
related to the orientation of the boundary plane, or
more precisely, as to whether a boundary classified
as « general » due to its high 03A3 or à 0 values can have
a high atomic planar density. Although there is

theoretically no necessity for the position of the
interface to be related to the geometric relation
between the grains, it is not impossible that grain
growth mechanisms impose boundary orientations
which are not totally independent of the prevailing
distribution of misorientations.

2.4 CONCLUSION. - Whatever the approach to

speciality, there remains the common underlying
question of whether certain grain boundaries can
show particular behaviour. Indeed, it is usually
assumed, either explicitly or implicitly, that the

properties of a boundary depend on its structure,
based solely on a knowledge of its geometry. This
hypothesis remains true in the case of the structural

. unit model, even if atomic relaxations are permitted.
The inability of these models to provide a completely
satisfactory answer to this question arises because
they neglect the essential fact that the properties of a
boundary, like those of a crystal, probably depend
more on defects than on the « ideal » structure.

Among these defects, the interstitial and sub-
stitutional atoms segregated to the grain boundary
(impurities or deliberate alloying additions) play a
predominant role. Before undertaking any investi-
gation of grain boundary properties, it is therefore
essential to thoroughly understand the relationship
between segregation and intergranular structure.
A given behaviour may be related to the intrinsic

structure of a boundary, or may depend on the
suitability for segregation induced by a particular
intergranular geometry. Grain boundary properties
are thus determined by an indivisible combination of
intergranular geometry and chemistry. Moreover,
the presence of substitutional or interstitial segre-
gation can modify the distribution of boundary
structures within a polycrystalline material.
For this reason, the only valid approach to the

problem of speciality is to distinguish between
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boundaries in terms of their effective properties,
taking into account both their crystallography and
their composition. At first, such distinctions can only
be specific, and will vary with the property con-
sidered and from one material to another.
The aim of the following section is to summarize

the results obtained using this approach and to try to
establish the relationship between certain intergranu-
lar properties, including the segregation response,
and the geometrical characteristics of the grain
boundaries. Grain boundary energy, which has been
treated in a recent review article [37], will not be
considered.

3. Spécial properties and grain boundary geometry.

The relationship between the properties and the
crystallographic characteristics of grain boundaries
has been studied mainly on bicrystals. Such investi-
gations are useful for interpreting specific mechan-
isms ; furthermore, they single out certain symmetri-
cal tilt boundaries, with well-defined planes related
to misorientations. They do not, however, give any
information on the possible overriding influence of a
particular geometrical parameter on a given prop-
erty. More especially, because of the limited number
of boundaries analyzed and their « idéal » isolated
structure, the results obtained bear little relevance
to the behaviour of random boundaries in real

polycrystalline materials. For this reason, the infor-
mation gained from bicrystal studies will be recalled
only briefly, before treating in more detail the

results of recent work on polycrystals. In this con-
text, properties which have been found to depend
chiefly on misorientation will be distinguished from
those for which the orientation of the boundary
plane appears to be important. With this relatively
arbitrary distinction, the properties can be con-

sidered in two groups :
- mechanical properties such as low temperature

intergranular fracture, or cavitation and grain bound-
ary sliding at high temperatures ;
- properties more closely related to the charac-

teristics of the boundary core, such as the segregation
behaviour (which strongly affects the intergranular
corrosion resistance) and grain boundary diffusion.

3.1 SPECIAL PROPERTIES AND MISORIENTATION.

3.1.1 Intergranular fracture. - Experiments on gal-
lium-induced intergranular fracture have been car-
ried out on zinc and aluminium bicrystals [38]. The
stress required for failure was found to be signifi-
cantly higher for boundaries with low misorientations
or for those close to positions with relatively low
coincidence values (03A3 = 3 and 11 for Al, and

1 = 9 for Zn). The same method applied to polycrys-
talline copper, in which grain boundary orientations

were determined using the electron channeling pat-
tern (ECP) technique, showed that « general »
boundaries (in this case X &#x3E; 25) act as preferential
paths for fracture propagation, the latter becoming
transgranular when a special boundary is encoun-
tered [39].
Two fracture processes can then be envisaged,

depending on the distribution of grain boundaries in
the polycrystal, figure 6 [7]. Several years after its

Fig. 6. - Schematic representation of grain boundary
structure dependant fracture processes in polycrystals :
Path A : Combined process of intergranular and trans-
granular fracture ; path B : Typical intergranular fracture.
The fracture follows the path of « general » boundaries
here called R (for Random) [7].

Fig. 7. - Electron Micrograph showing a crack in a de-
formed sample of alumina. The crack is following general
boundaries ; it becomes intragranular when meeting a
special boundary 2/3 (X 17 b) [40].
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Fig. 8. - Effect of (03A3, 039403B8) on cavitation in Nickel specimens interrupted at : a) 6 % life fraction ; b) 8 % life fraction ; c)
14 % life fraction. The critical deviation of Brandon 48c versus the X value is also reported (dashed line) [41].
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proposal by Watanabe, this representation was jus-
tified by observations on the spontaneous low tem-
perature fracture of polycrystalline alumina, figure 7
[40].
3.1.2 Intergranular cavitation. - The most system-
atic study of the relationship between fatigue-in-
duced intergranular cavitation and grain boundary
structure was carried out by Lim and Raj on

polycrystalline specimens of pure nickel [41]. The
misorientation parameters were determined by X-
ray diffraction, and boundaries were considered to
be « special » when X  99 and â8exp : â8c, â8c
being defined according to Brandon’s criterion [24].
The results obtained for fractional lifetimes of 6, 8
and 14 % are illustrated in figure 8. The application
of this criterion enables the cavitation-sensitive
boundaries to be roughly differentiated whatever the
duration of fatigue testing, cavities appearing first in
boundaries with high 03A3 or â 8 values. When cycling
is continued to failure, only coherent twin bound-
aries (03A3 = 3, {Ill}) are cavity-free. Some incohe-
rent segments of such boundaries (03A3 = 3) already
show cavitation for fractional lifetimes of 14 %. The
two latter observations indicate that the orientation
of the boundary plane is a second factor which can
affect cavitation.
One of the mechanisms invoked to explain cavity

nucleation is the formation of extrinsic dislocation

pile-ups at grain boundary irregularities (see
Sect. 3.2.3).

3.1.3 Grain boundary sliding. - Grain boundary
sliding is undoubtedly the deformation phenomenon
which has been most widely studied in relation to
intergranular structure. About 15 years ago, the

influence of the relative misorientation of the two

grains was revealed almost simultaneously during
studies of intergranular creep on bicrystals of alumi-
nium and copper [42] and stainless steel [43]. The
results obtained on these different materials were in

good agreement and showed much higher creep
rates (by 2 to 3 orders of magnitude) in boundaries
very close to coincidence positions (Fig. 9), the

difference decreasing at higher temperatures
(Fig. 10). Plots of the sliding displacement S as a
function of misorientation also presented pro-
nounced minima for certain coincidence positions.

This marked influence of misorientation on inter-

granular creep seems to indicate that the mechanism
involved is not simply a viscous process. By analogy
with creep mechanisms within the grains, the authors
invoke the role of extrinsic dislocations, intergranu-
lar structural defects similar to lattice dislocations.

Computer simulations of the creation and migration
of a dislocation in a grain boundary lead to formation
and displacement energies lower than for a lattice
dislocation, and therefore support the hypothesis
that one of the fundamental mechanisms of grain

Fig. 9. - Misorientation dependence of the initial rate of
sliding for copper bicrystals ( (100) tilt grain boundaries
- Creep stress parallel to the rotation axis = 1 MPa -
T° = 600 -C) [42].

Fig. 10. - Temperature dependence of the initial rate of
sliging for copper bicrystals. The 53° misorientation is very
close a CSL boundary with X = 5. The 50° misorientation
may be considered as a « general » boundary (see Fig. 9)
(T and i similar to those of Fig. 9).

boundary sliding is the movement of extrinsic dislo-
cations in the boundary plane [44].
The preceding results obtained on bicrystals,

together with the processes which they suggest, were
confirmed by studies on the creep behaviour of grain
boundaries in coarse-grained polycrystals (Fig.11)
[7, 45]. Boundaries which were little prone to sliding



428

Fig.11. - Sliding curves for general boundaries (n° 11
and n° 12) and for coincidence boundaries (n° 4 and n° 7)
in aluminium polycrystals [7].

were found to have special misorientations close to
coincidence positions, and respected Brandon’s cri-
terion [24]. Contrary to « general » boundaries, they
presented extrinsic dislocations after deformation

(Fig. 12). These observations support the model for
intergranular creep proposed by Horton and co-

Fig. 12. - Relationship between the amount of sliding S
and the degree of angular deviation from the nearest

coincidence orientation given by 4 (J exp/ 4 (J c in which

48 exp = (J exp - 8 CSL and 48 c = critical deviation of Bran-
don. After sliding, extrinsic dislocations are not observed
in general boundaries.

workers [46], in which lattice dislocations are ab-
sorbed into the boundary, and the extrinsic dislo-
cations resulting from this interaction, which can
vary from one boundary to another, then determine
the sliding behaviour. In order to gain a better
understanding of intergranular creep, it is therefore
essential to study the relationship between the
behaviour of extrinsic dislocations and the geometry
of the boundaries in which they are formed (see
Sect. 3.2.3).

3.2 SPECIAL PROPERTIES AND BOUNDARY PLANE
ORIENTATION.

3.2.1 Intergranular segregation. - Except for a

change in structure observed in a twist boundary in
gold, and attributed to the presence of iron [47],
there has apparently been no systematic experimen-
tal work on the relationship between segregation
and boundary structure in bicrystals. On the con-
trary, calculations of segregation energies have en-
abled the prediction of favourable sites for the
insertion of interstitial or substitutional atoms into
the structural unit of a boundary, depending on its
orientation [48-50]. The configurations obtained can
account for the embrittling or strengthening effects
produced [49-51].

Recent studies on polycrystals emphasize the
dominant role of boundary orientation on segre-
gation behaviour. Thus, Auger spectroscopy
measurements showed that the quantity of phos-
phorus segregated to grain boundaries in iron de-
pends on the crystallographic indices of the boundary
plane. Large concentrations were found if the inter-
face has high indices in both crystals, whereas

segregation was only slight for low indices. Different
amounts of phosphorus were often observed on the
two fracture surfaces of a same boundary, depending
on the indices of the corresponding surfaces [52].
Variations observed in the sensitivity of a steel to
intergranular attack by a reagent which selectively
etches phosphorus-rich regions lead to a similar
conclusion [53].
A detailed study of sulphur segregation in the

grain boundaries of nickel yielded a more precise
relationship, based on the planar atomic density
criterion (cf. Sect. 2.3). The reduced interplanar
spacing must apparently exceed a minimum value
(d 1 a)m for the boundary to be relatively little prone
to segregation. The latter is revealed by a technique
involving local preferential etching of sulphur-rich
boundaries in thin foils (Fig. 13) [54, 55].

If the parameter (dix) is plotted as a function of 1
for symmetrical tilt boundaries in the f.c.c. structure,
such that the density of coincident sites is equal to
the density of atomic sites in the interface (o- =1 )
(Fig. 14) it is interesting to note that a critical value
(dla)c c-2-:t 0.150 deduced from the observations on
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Fig. 13. - Observation by TEM of the microetchings of a
special X = 3 grain boundary with a curved plane (dla
values reported in italic characters) : a) microetched part ;

nickel favours the first levels of the Paidar classifi-
cation [35, 36] (cf. Sect. 2.3).

Finally, the reciprocity of the relationship between
the planar atomic density and the concentration of
segregated elements is supported by an experiment

b) non microetched part (prolongation of the region a).
Note the two general boundaries are microetched [55].

in which the desulphurization of a nickel thin foil
was observed to change the orientation of a bound-
ary close to the 1 = 3 coincidence position, in such a
way as to increase its atomic density. In turn, a
further sulfurization leads to a decrease of the

Fig. 14. - Interplanar spacings, excess volumes and total numbers of interstitial and substitutional sites as functions of X
for symmetrical (100), (110) and (111) tilt boundaries in FCC structure (u = 1). A transition zone may be
experimentally located around the value dla = 0.150 [55]. The segregation becomes very low for dla superior to this
value corresponding to the grain boundary planes of the 2nd and 3rd level in the Paidar classification [36].
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atomic density [56]. A knowledge of the intergranu-
lar segregation is essential, since it modifies the

thermodynamic characteristics of a boundary by
introducing new variables, the concentration and the
chemical potential of each element, while at the

same time exerting a strong influence on the majority
of the physical phenomena controlled by intergranu-
lar diffusion. It is highly probable that the differences
related to geometry are greatly attenuated in « im-
pure » boundaries, with only coherent twin bound-
aries (I = 3), which are impermeable to segre-

gation, conserving their special behaviour.
Finally, it should be noted that, for polycrystalline

materials produced in a similar manner, variations in
purity can affect the distribution of grain boundaries
with different geometrical characteristics (cf.
Sect. 4).

3.2.2 Intergranular di f fusion : direct studies on bic-
rystals. - The idea that grain boundary diffusion is
controlled by the jump efficiency of point defects in
the boundary was investigated about fifteen years
ago [57], and the intergranular diffusion coefficient
appears to be the macroscopic parameter which is
the most closely related to the boundary core

structure. However, because of the diversity of
atomic configurations, even in the case of perfectly
controlled bicrystals, and in the simplest case of self-
diffusion, it is extremely difficult to analyze the

relationship between diffusion and structure.
Nevertheless, the jump mechanism has been sup-

ported by both experimental observations and by
theoretical calculations of intergranular diffusion

coefficients, based on static and dynamic structural
models. From the experimental standpoint, a

marked anisotropy is observed in the diffusion

coefficients Db, depending on whether they are

measured parallel or perpendicular to the tilt axis in
boundaries of low misorientation [58, 59]. Remark-
ably low values of DI,. 6 (where 8 is the boundary
width) have been found for misorientations corre-
sponding to 03A3 = 3, [111] and 03A3 = 11, [113] in
various f.c.c. metals [59]. The correlation between
measured and calculated Db values is quite good
(Fig. 15) [58-60]. For a given misorientation, the
diffusion coefficient varies with the deviation from
the symmetrical position [61].
More recently, the determination of the binding

énergies associated with different sites, which control
the jump frequency, has enabled intergranular dif-
fusion paths to be predicted [62-63]. The jump
efficiency appears to be independent of the type of
boundary [63], but for a given misorientation, differs
according to the orientation of the boundary plane
[60], in agreement with previous experiments [61].
3.2.3 Intergranular diffusion : indirect measurements
on polycrystals. - The indirect measurement of the
diffusion coefficient in a polycrystal grain boundary

Fig. 15. - Experimental apparent intergranular diffusion
coefficients of zinc at 250 °C (a) and calculated intergranu-
lar self-diffusion coefficients at 250 °C (b) in symmetrical
tilt boundaries around ( 110 ) in aluminium : influence of
the misorientation and of the direction of diffusion [60].

is based on the phenomenon of thermally activated
accommodation of lattice dislocations incorporated
into the boundary. The processes by which a grain
boundary containing extrinsic dislocations returns to
an equilibrium state have been predicted theoretical-
ly [64] and explained on the basis of experimental
observations [65, 66]. The fundamental mechanism
is the dissociation of the matrix dislocation via the
reaction :

followed by separation of the products. In most

polycrystal boundaries, n is large (i.e. bDSC is small),
so that the dissociation can alternatively be con-
sidered as a broadening of the dislocation core

(Fig. 16) [66-67].



431

Fig. 16. - Schematic representation of the accommo-

dation of extrinsic dislocations : a) initial state : extrinsic
dislocation localized in the grain boundary with s = core

width and b = bm ; b) discontinuous process of accommo-
dation : dissociation 6m = nbDSC ; c) continuous process of
accommodation : broadening of the dislocation core s. If
n - oo 1.e. b - 0, the processes b and c are equivalent.

Whatever the interpretation, the kinetics are the
same. When the separation s between dislocations
(or the core width) approaches two extinction dis-
tances ej, the TEM image contrast disappears [68].
In a given grain boundary, only a few rare dislo-
cations, probably with particularly oriented Burgers
vectors, disappear more rapidly than the others

(Fig. 17) [69]. However, because the Burgers vectors
of extrinsic dislocations do not generally lie in the
plane of the boundary, their displacement in the
latter requires climb, and this explains their statisti-
cally identical behaviour. For each boundary, there
will therefore exist a pair of characteristic values
TD and tD, corresponding respectively to the tem-
perature and time for which dislocation contrast

disappears in the TEM, and related to intergranular
diffusivity as follows :

where A and K are constants depending on s and
bDSC and Qb is the activation energy for grain
boundary diffusion.
By assuming that the intergranular dislocation has

a Burgers vector b perpendicular to the boundary
plane, the values of Db 8 and Qb can be calculatçd
from the experimental measurements of TD and
tD, which are characteristic of the geometry and

purety of the boundary.
This method has been extensively employed by

Grabski and co-workers [70], and has enabled them
to establish the continuity of the distribution of grain
boundary diffusivities in polycrystals (Fig. 18). Fur-
thermore, the mean diffusivity obtained from
measurements of TD and tD, for several boundaries,
was found to be compatible with the « macroscopic »
value deduced from classical radiotracer experiments
[71].
However, it should be noted that, in terms of

misorientation, this distribution takes into account

only « general » boundaries. In effect, the disappear-
ance of the contrast of dissociated dislocations

requires not only their mobility, but also sufficiently
small Burgers vectors for them not to be visible
individually. Moreover, the above authors point out
that certain boundaries conserve their dislocations
after prolonged annealing at a relatively high tem-
perature.

In special CSL or CAD boundaries (cf. Sect. 2.1),
the Burgers vectors of the dissociated dislocations

. 
are no longer negligible and their accommodation
can lead to two possible configurations :
- either the accommodation is total, the dislo-

cations forming a regular network and taking on an
intrinsic character, in which case there is a change in
the boundary misorientation [64, 66] ;
- or the accommodation remains only partial,

the extrinsic dislocations taking up a stable pseudo-
periodic arrangement in the boundary.
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Fig. 18. - Histograms of grain boundary diffusion acti-
vation energies in high carbon austenitic steels [70]. a)
after quenching from 1100 °C ; b) after fumace cooling
and ageing at 750 °C : the carbide precipitation on grain
boundaries involves a intergranular depletion in chromium
and an increased diffusivity.

The second type of configuration has been ob-
served in boundaries in both metals [65] and ceramics
[40]. They give the boundaries a « hard » character,
rendering them relatively resistant to sliding, leading
to the formation of cavities at triple junctions, as has
been observed in magnesia-doped alumina (Fig. 19).
These considerations explain the observations made
during studies on creep (cf. Sect. 3.1.3), and show
that misorientation has an essential influence on the

high temperature properties of grain boundaries.
The behaviour of extrinsic dislocations is strongly,

influenced by intergranular segregation, due to sev-
eral different reasons :
- the diffusivity distribution curve is displaced

towards higher activation energies (Fig. 18) [70] ;
REVUE DE PHYSIQUE APPLIQUÉE. - T. 24, N. 4, AVRIL 1989

- dissociation can be obstructed : this effect has
been analyzed theoretically [72] and has been ob-
served in a boundary with X = 3 in a sulphurized
nickel foil [56] ;
- the dislocations can be pinned by solute atoms

(Cottrell atmosphere type effect) [65, 73, 74] ;
- segregation can modify the friction forces

which oppose dislocation glide in the boundary [75,
76] : this effect could account for its effect on low

temperature properties.

Fig. 19. - Bright field electron micrographs of a deformed
sample of magnesia-doped alumina. Three boundaries

contain extrinsic dislocation networks. Cavities (arrowed)
appear at the edges of the special boundary Zl/Z4 [40].

3.2.4 Conclusions. - The apparently arbitrary dis-
tinction between intergranular properties, depending
on whether the dominant influence is due to miso-
rientation or to the orientation of the boundary
plane, is justified by the analysis of both the

processes involved and the kinetics of accommo-
dation of extrinsic dislocations. While the misorien-
tation alone is unable to explain the mechanical
behaviour of a boundary, it determines its prob-
ability to be ductile or brittle, this being dependent
also on the degree of segregation and the orientation
of the boundary plane. On the contrary, the latter
two interdependent factors control the intergranular
corrosion resistance.
The response of a polycrystalline material to

mechanical loading and to aggressive environments
is an essential consideration for the majority of
applications, so that it is clearly important to know
the distribution of boundary orientations and miso-
rientations, together with the factors which influence
them. Since the long term objective is to be able to
predict the contribution of grain boundaries to the
overall properties, the last section of this review

paper will be devoted to the question of grain
boundary texture.

30
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4. Grain boundary texture.

The distributions of misorientations and boundary
planes in the practical polycrystalline materials dis-
cussed in the present chapter must be clearly dis-
tinguished from those obtained in rotating crystallite
experiments [77-79]. In the latter case, the grains are
free to rotate, whereas in random polycrystals they
are constrained and do not therefore adopt positions
dictated solely by texture-related grain boundary
energy minima. The aims of the two types of

investigation are thus quite different. Determi-
nations of the misorientation between single crystal
spheres and a surrounding substrate are intended to
relate the high frequency of occurrence of certain X
values, and/or of certain planes, to the low energy of
the corresponding boundaries. In contrast, the objec-
tive of the experiments described below is to gain a
better understanding of the contribution of grain
boundaries to the functional properties of engineer-
ing polycrystals.
Grain boundary texture will depend on a large

number of factors, which can be considered under
two major headings :

* material-related parameters ; nature (metal,
ceramic), crystallographic system, chemical compo-
sition ;

* parameters governed by the polycrystal prep-
aration technique ; fabrication mode (solidification,
recrystallization, sintering), temperature and du-

ration of heat treatments (particularly important as
regards grain size), cooling rate (which can have a
marked influence on segregation phenomena), uni-
axial or isostatic pressure (in the case of sintering).

4.1 DISTRIBUTION OF MISORIENTATIONS. - Prob-

ability calculations for an f.c.c. polycrystal with
randomly distributed grain orientations [25] give :

9 % CSL boundaries (Z * 25 and 039403B8c as defined
by Brandon [24]).
60 % CAD boundaries (with ( 111 ) , (100) and

(110) misorientation axes).
However, real distributions, which are necessarily

related to the material texture, are always found to
deviate from these predictions. Experimental results
show that the percentage of CSL boundaries is often

higher than that associated with a random distri-
bution of grain orientations. On the contrary, the
« theoretical » proportion of CAD boundaries tends
rather to overestimate their effective frequency.
This situation raises the fundamental question of
whether the existence of special boundaries is the
cause or the consequence of the overall texture.

Only a very few systematic investigations have
been devoted to this area, and analysis of the results
proves extremely difficult, since the distribution of
grain boundary characteristics does not appear to be
related to the material microstructure in a

straightforward manner. The percentage of geomet-

rically special boundaries varies with the ther-

momechanical history of the polycrystal, and de-
pends particularly on the stage at which boundary
formation occurs, and on the point where interstitial
or substitutional elements begin to segregate. Never-
theless, in spite of the diversity of the published
observations, a few common tendencies can be

discerned, and these will be treated below.

4.1.1 Influence of boundary misorientation on the
size and shape of the grains. - The percentage of
special boundaries in a given material decreases
when the grain size increases.

This effect has been observed for an Fe-3 % Si

alloy, with grains larger than 5 jim, in which the
misorientations were analyzed by the ECP (electron
channeling pattern) technique [80]. It can also be

implied from the observation (cf. Sect. 3.2.3) of the
frequency of occurrence of boundaries containing
extrinsic dislocations in aluminium subjected to

abnormal grain growth, during which special bound-
aries are eliminated and replaced by more mobile
general boundaries [81, 82]. These observations are
in agreement with predictions based on a simple
model involving the growth of a regular array of
polygonal grains [83].
However, this relationship has not been confirmed

when the increase in grain size is the result of normal
growth. Moreover, the comparison of different ma-
terials is virtually impossible due to the overriding
influence of alloying elements, even in trace

amounts, on recrystallization phenomena. Thus,
after identical thermomechanical treatments, pure
iron was found to show a coarse grain size and a
large proportion of special boundaries (50 %),
whereas several iron alloys had fine-grained struc-
tures with only 25 % of special boundaries [84].
Furthermore, these proportions varied depending
on whether the alloying elements were in solid
solution or in the form of precipitates.

Finally, it should be noted that, in addition to this
grain size effect, grain shape can also be important.
In effect, in a nickel-base superalloy, boundary
distributions in regions with a banded structure were
found to be different from those in areas with

equiaxed grains [85].
4.1.2 Influence o f polycrystal preparation on bound-
ary misorientation. - The distribution of boundary
orientations after secondary recrystallization de-

pends strongly on that existing after primary recrys-
tallization [86]. In the extreme case, it can be easily
understood that the distribution of grain boundary
types will be completely different in a polycrystal
obtained by annealing a deformed single crystal than
in one produced from an initially polycrystalline
state.

In the first case, the distribution of boundaries

depends on the initial orientation of the single
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crystal and on the amount of strain prior to an-
nealing. The percentage of boundaries with miso-
rientations close to coincidence positions (03A3 ~ 29)
increases with prior strain whereas the proportion of
low angle boundaries decreases [7].
The method of polycrystal preparation does not

appear to affect the possibility of formation of CSL
boundaries. However, the frequency of low angle
boundaries has been found to be lower (3 %) in
polycrystalline iron sintered at 700 °C than in iron
rolled and annealed at the same temperature (20 %)
[86].
A certain number of observations in apparent

contradiction with the above relationships can prob-
ably be explained by the fact that purity has not been
considered explicitly, whereas this is certainly one of
the most important parameters.

4.1.3 Influence of purity on boundary misorien-

tation. - It is important to emphasize from the
outset that grain boundary characteristics are af-
fected not so much by the total impurity content, as
by the distribution of particular elements, even when
present in trace amounts, and by their chemical state
(in atomic or combined form).
The frequency of CSL boundaries in zone-refined

high purity aluminium has been found to be strongly
affected by very small amounts of tin. Thus, only
10 ppm Sn was sufficient to increase their proportion
from 20 to 50 %, whereas no effect was observed for
titanium additions [87]. Unfortunately, no details
were given in this work on the localization of the tin
atoms.

The analysis of pure nickel polycrystals containing
traces of sulphur shows that the total content of this
element has little influence on the distribution of

special (03A3 ~ 19, 039403B8 ~ â8c Brandon) and general
boundaries, in so far as intergranular ségrégation is
not very probable during the grain formation process
(compare (a) and (b) in Fig. 20) [88]. Subsequent

Fig. 20. - Histograms showing the frequencies of special
boundaries (CSL and LA) in nickel polycristals in function
of their sulphur content depending on the matrix content
and on the thermal treatments [88]. a) pure nickel

recrystallized at 1050 °C during 4 hours ; b) Ni-

16 x 10- 6 P - recrystallization as previously followed by
segregation at 625 °C, 2 hours ; c) Ni-8 x 10-6 P - simul-
taneous recrystallization and segregation at 625 °C,
12 days ; d) Ni-270 analyzed by Laue technique [89] - to
be compare to b).

segregation is unable to modify the misorientations
(cf. Sect. 3.2.1). However, when the special bound-
aries are considered in more detail, by separating
them into twins (03A3 = 3 ) and other coincident orien-
tations, certain differences appear, related solely to
purity (Fig. 21a and b). The absence of low angle
boundaries and the large proportion of twins is

probably due to the high recrystallization tempera-
ture (5) .

Fig. 21. - Idem figure 20 with details of the special
boundary distributions.

When the recrystallization and segregation
phenomena occur simultaneously, the frequency of
general boundaries increases sharply, the propor-
tions of the two types being reversed (Fig. 20c).

Similar resultats were obtained in the iron-phos-
phorus system. Figure 22 shows the cumulative fre-

Fig. 22. - Cumulated frequencies of special boundaries in
various Fe-P specimens 69 : Fe-40 x 10- 6 P annealed at
600 °C (x) or at 720 °C (A), Fe-100 x 10-6 P annealed at
600 °C (0) or at 720 °C (ex). Strong segregation of

Phosphorus in grain boundaries is well known to occur at
600 °C while a low segregation level is expected at 720 °C
[69].

(5) These distributions, established for a relatively
limited number of boundaries analyzed by TEM, were
confirmed by Laue diffraction experiments on 222 bound-
aries, leading to a histogram perfectly identical to that
obtained for the Ni-16 S material (Figs. 20, 21d) [89].
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quency diagram for near-coincidence boundaries of
increasing X (X 45 and o 8 = â8c Brandon), for
four iron samples with different total contents and
distributions of phosphorus. Only the specimen
whose boundaries are relatively unlikely to contain
phosphorus show a significantly higher proportion of
special orientations [69].

In contrast, the presence of additive elements such
as magnesium and yttrium in sintered alumina
increases the percentage of special boundaries

(Fig. 23) [90] ; the fact that these elements act as
grain growth inhibitors suggests that they segregate
to boundaries. However, it must be emphasized that
the grain size in these doped aluminas is extremely
fine (0.5 ktm), compared to those of pure alumina
(10 to 50 03BCm), and that this size effect can also

influence the distribution of boundaries (cf.
Sect. 4.1.1).

Fig. 23. - Distribution of special grain boundary miso-
rientations in the Mg-doped and undoped aluminas [90].

In conclusion, these initial investigations on the
distribution of misorientations demonstrated that it

is difficult to specify the respective influences of the
various factors related either to the material or to its

mode of fabrication. With the present improved
understanding of grain textures, it can now be

attempted to establish a relationship between the
overall texture and the misorientations between

grains. However, any function describing the grain
orientation distribution will necessarily have a

macroscopic nature and cannot therefore take ac-
count of the near-neighbour relations characteristic
of grain boundary texture. One approach to this

problem is to determine local textures.

4.2 THE DISTRIBUTION OF BOUNDARY PLANES. -

Published investigations on boundary plane distri-
butions are even less numerous than in the case of

misorientations, since statistical techniques either
cannot be used (ECP), or the associated misorien-
tations are unknown (Auger spectroscopy). Trans-
mission electron microscope analysis requires the
study of a sufficient number of grain boundaries to

be statistically significant. It is probably safe to

assume that there is little tendency for boundary
planes to readjust in polycrystalline thin foils.

In alumina, the occurrence of « special » orien-
tations parallel to close packed lattice planes, par-
ticularly the basal plane (0001), seems to be favoured
by the purity of the ceramic material (Fig. 24) [90].

Fig. 24. - Distribution of special grain boundary planes
in the Mg-doped and undoped aluminas [90].

However, the purity does not explain alone this
selection. In a fine grain MgO-doped alumina,
highly deformed by compression at 1 500 °C, grain
growth has occured in some regions of the sample ;
in that case, a large number of grain boundary
planes, either straight or faceted, correspond to a
dense plane in one crystal at least. Thus, selection of
dense planes and faceting may be a result of the
growth processes [91]. This remark does not rule out
the propensity for grain boundary free of solute to
preferentially migrate. In alumina special grain
boundary misorientation and special grain boundary
plane orientation appear mutually exclusive [91].

In the case of iron containing from 40 to 100 ppm
phosphorus, the boundary planes are never parallel
to the closest packed planes {110} of the bcc

structure [69]. These observations confer a certain
reciprocal character to the relationship between
grain boundary plane and segregation (cf.
Sect. 3.2.1).

In contrast with the grain boundary misorientation
distribution, no relationship may be theoretically
envisaged between the grain boundary plane distri-
bution and any other microstructural characteristic ;
only empirical relation might be found. Thus proper-
ties controlled by the grain boundary plane orien-
tation appear unlikely to predict.

5. Summary and conclusion.

Although no absolute geometrical criterion of inter-
granular speciality may be defined, grain boundaries
behave differently according to their geometry,
some of them being « special » in practice. Looking
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at the existing results, a distinction can be made
between intergranular properties depending mainly
on the grain boundary misorientation, essentially
mechanical properties, and those most directly re-
lated to the grain boundary plane orientation such as
intergranular diffusion. Conceming the first type of
properties, grain boundaries which distinguish them-
selves from others are near three dimensional or
near one-dimensional coincidence boundaries. Most
results about the second type of properties single out
boundaries with a high atomic planar density rather
than a high coincidence site density.
The possibility to obtain a specific polycristalline

property via the control of grain boundaries must
differ according to the predominant influence of one
or the other cristallographical parameter on the
intergranular processes involved. In so far as the

grain boundary misorientation distribution is neces-
sarily linked to the grain texture, despite the fact
that until now no straightforward relationship has
been established between them, it is suggested that a
misorientation control might be obtained. On the
contrary, any attempt to get a controlled distribution
of the grain boundary plane orientations is hardly
conceivable.

Finally, coming back to the « Grain Boundary
Design » concept, prospects for tailoring mechanical
properties of polycristalline materials via the control
of grain boundary misorientation distributions ap-
pear feasible. With this aim in view, the influence of

segregation phenomena have to be considered, not
only they may modify the ductile or brittle character
of grain boundaries but they are also able to change
the grain boundary texture.
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