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Simulations of grain-boundary structure

P. R. HOWELL, I. T. KILVINGTON, A. WILLOUGHBY, B. RALPH
Department of Metallurgy and Materials Science, University of Cambridge, UK

This paper reports some recent investigations of grain boundaries using a bubbie model
and a magnetic ball model. The findings are in broad agreement with current structural
theories, although certain of the configurations observed are more complex than those
envisaged by the purely geometrical approaches of many of the theoretical models of grain

boundary structure.

1. Introduction

Over the past few years, renewed interest has
been shown in the structure and properties of
grain boundaries [1-5]. The two major investiga-
tive techniques employed in the study of grain-
boundary structure have been transmission
electron microscopy [6-10], and field-ion micro-
scopy [11-15]. In both cases, the resolution is
sufficient to enable the quantitative analysis of
many of the features which characterize the
various theoretical models; however, it is
insufficient for those features where the resolu-
tion necessary for analysis is ~ 0.1 nm. The only
method, which is currently available, for the
analysis of the fine scale structure of grain
boundaries is that of “atomic modelling”, and
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this paper will describe some results pertaining to
the various theoretical models and their inter-
relation from studies of a bubble model {16] and
a ball model [17]. Fig. 1a and b show the general
feature of the two simulations. In both cases, the
rafts are “polycrystalline”, the “grain boun-
daries” being indicated by the arrows. Fig. 1a is
a bubble raft, the “atoms” being in contact both
in grain, and at the grain boundaries. Fig. 1bis a
ball model, and in this case, the balls are not in
contact due to the repulsive forces between the
individual ballbearings {created by an alter-
nating magnetic field as per [17]). Due to the
limited dimensions of the ball raft, the shape of
the annulus needs to be considered when attemp-
ting to quantify results as per Section 2.1 since
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Figure 1 Examples of polycrystalline arrays as observed in this investigation. (a) A polycrystalline bubble raft.
The boundaries are indicated by the arrows. Other lattice defects (such as point defects and dislocations) are also
present in this raft. (b) A ball model raft. The boundaries are indicated by the arrows.
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distortions in the close packed nature of the balls
occur close to the annulus, and certain preferred
misorientations can be produced.

2. Results

2.1. Axisfangle pair determination

The measurement of axis/angle pairs from the
models is a simple process, the axis always being
{111) (referred to an fcc structure), and the
maximum possible angle of misorientation being
30° (due to the six-fold symmetry of the two
dimensional layer). Hence, primary twin con-
figurations cannot be investigated using these
simulations. Figs. 2 and 3 show histograms of the
observed angles of misorientation for the two
methods employed, Fig. 2 being collated from the
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Figure 2 A histogram of the number of boundaries of a
particular misorientation (N) plotted as a function of
misorientation (6), collated from the bubble model.
Strong peaking is observed at angles corresponding to
high density coincidence site structures.

bubble model, and Fig. 3 from the ball model.
Fig. 2 shows peaks in the distributionsat § ~ 13°,
22° and 28° corresponding to the three most
densely packed coincidence site structures of
X = 19 at 13° 10, 2 = 7 at 21° 50, and
2 = 13 at 27° 46’ misorientation respectively.

The histograms shown in Fig. 3 do not show
such well-defined peaks and this, in part, is
explained by the annular shape. The data used
to construct Fig. 3a come from rafts where the
restraining annulus was circular, and the
observed distribution is fairly random over the
whole angular range. The data used for Fig.
3b come from rafts with an hexagonal annulus
and many low-angle boundaries are observed.
The histogram shown in Fig. 3c relates to data
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Figure 3 As for Fig. 2, but collated from the ball model,
giving angular distributions for (a) the balls being
constrained to lie within a round annulus; (b) the balls
being constrained to lie within a hexagonal annulus;
(c) the balls being constrained to lie within a square
annulus, (See text.)

collated from rafts with a square annulus, and a
strong peak is observed at § ~ 30°. '

A variety of other factors influence the
accuracy in determining the angle of mis-
orientation, one being the finite size of the two
dimensional raft. We can estimate the minimum
angle of misorientation that can be observed in
these simulations.

In the absence of other crystal defects, a
low-angle grain boundary may be detected if the
dislocation spacing in the relaxed boundary is
about one half the raft size (i.e. at least two
dislocations are seen).

Thus:

b

Omin ~ P
where b is the Burgers vector, and 4 is one half
the raft size. Using typical values for A as used
in these experiments, Oynin is given by 1 to 2°.
However, in practice Omin is somewhat higher due
to the polycrystalline nature of the rafts, and this



SIMULATIONS OF GRAIN-BOUNDARY STRUCTURE

explains the “cut-off” observed in the histograms
of Figs. 2 and 3.

Other factors which have been seen to affect
the measurement of angular misorientations are
the presence of matrix dislocations in the vicinity
of the boundary, and grain-boundary disloca-
tions of the Van der Merwe type [5]. The
configuration depicted in Fig. 4 illustrates this
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Figure 4 A grain boundary (arrowed) as observed in the
ball model. A matrix dislocation is situated close to the
boundary (at A), and considerable distortion of the
“atom’ rows in the vicinity of the dislocation is apparent.

effect, the distortion of the structure rows in the
vicinity of the dislocation being considerable.
Hence, measured values of the angular mis-
orientation can vary along the grain-boundary
traces by up to 3°.

2.2. Observations of grain-boundary
dislocations

As discussed in [5], general grain boundaries
may be thought of as being comprised of a
variety of dislocation arrays. These arrays can
be classed as either coincidence site structure
dislocations [6-8] or Van der Merwe dislocations
[5]. For the special case of low-angle grain
boundaries, both classes have equivalent Burgers
vectors (being equivalent to a structural vector),
whereas for the more general high-angle grain
boundaries, the former are characterized by
partials in a coincidence site structure, while the
latter are independent of the coincidence site
structure. This section will discuss the observa-
tion of such defects in relation to the observed
fine scale structure of the boundaries analysed.

As the rafts are two dimensional with <{111>
the axis of misorientation, the only Van der
Merwe dislocations that can be observed are

those which are created by asymmetry in the
rotation about <111>. Example of Van der
Merwe type dislocations are given in Fig. 5a and
b (being from a bubble model and ball model,
respectively). The agreement between observed
and calculated dislocation spacings was, in all
cases, to within a few percent. In obtaining the
calculated defect spacing, it was necessary to
construct an “‘average grain-boundary trace” [18]
since the boundaries observed normally exhibited
a highly complex topographical structure [13].

Figure 5 Examples of grain boundary dislocations of the
Van der Merwe type. (a) A Van der Merwe dislocation
(at A) as observed in the bubble model. The morphology
of the associated structure unit is similar to that simulated
by computational methods [20]. The considerable
distortion of the “atoms” defining the terminations of the
structure rows (B) is due to the non-equilibrium spacing of
the atoms in contact across the boundary. (b) Van der
Merwe dislocations as observed in a grain boundary
(arrowed) in the ball model (at A and B). In this case, it is
impossible to define a boundary structure unit con-
figuration (compare with Fig. 5a).

1825



P. R HOWELL, 1. T. KILVINGTON, A. WILLOUGHBY, B. RALPH

An interesting point which will receive further
attention in Section 2.3 is the shape of the
observed boundary structure unit in the vicinity
of the terminating half plane in Fig. Sa.

Owing to the complex nature of the majority
of boundaries studied, coincidence site structure
distocations (other than those characteristic of a
2 = 1 configuration) were rarely seen, although
dislocations of the type described in [16] were
occasionally observed.

2.3. Observations of grain-boundary
structure units

Bishop and Chalmers [2] have proposed that a
coincidence site boundary can be described in
terms of a regularly repeating structure unit. For
general boundaries, structural units from the
nearest coincidence site orientations may be used
to describe the boundary; this description being
equivalent to one using dislocations. This
section will cite some examples of observed
structure unit configurations observed in a
variety of boundaries.

AT

Figure 6 Structural units comprising a > = 7 grain
boundary. The structural unit C is seen to be on an
adjacent coincidence-site structure plane to A, B and D.

Fig- 6 shows some-general features of “the
structure units observed in this study. In this
figure the structure units are characteristic of a
2 = 7 coincidence-site structure (§ ~ 22°), and
an interesting point to note is the fact that these
structural units are seen to occur on two
adjacent structural rows in the coincidence site
structure which is not to be expected from the
purely geometrical approach [2].

Other observations using both the bubble
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model and the ball model showed the effect of
introducing small translations along the boun-
dary trace (as per Fig. 1.36 of Gleiter and
Chalmers [19]) and “misfit segments” due to
coincidence site structure dislocations (as per
Fig. 1.8 of Gleiter and Chalmers [19]).

Fig. 5a shows the effect of introducing
asymmetry in the rotation about (111>, the

. ““structure unit” in the vicinity of the extra half

plane being similar to that proposed by Hasson
and co-workers [20] (compare with Fig. 11 of
their paper).

In general, the structures observed in near
coincidence grain boundaries were more complex
than those envisaged by Bishop and Chalmers
[2], but were very similar to those predicted by
the recent computational models [20, 21].

2.4, Grain-boundary segregation

Grain-boundary segregation may be studied
using both the models so far described. In the
present investigation, segregation of “solute
atoms” has been observed to a variety of
boundaries, certain specific sites being pre-
ferentially decorated with impurity.

In many cases, solute atoms were seen at the
termination of the extra half planes of Van der
Merwe dislocations, this site being occupied
since the presence of the solute atom minimizes
the compressional stresses due to this particular
type of grain-boundary defect. Fig. 7 illustrates
the other type of condensation profile en-
countered, the solute atom being localized inside

Figure 7 A solute atom which is associated with a grain
boundary structure unit (at A). The distortion of the
structural unit B is due to the presence of the matrix
dislocation C.
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the structure units comprising the boundary.
Again, this result is not surprising since the
structure unit as proposed must comprise
alternate areas of tension and compression
{even for a coincidence site structure boundary)
due to non-equilibrium spacing of the atoms
defining the boundary structure units.

2.5. Grain-boundary topography

As has been already mentioned, the grain-
boundary topography was, in general, highly
complex (e.g. Fig. la and b) unless great care
was taken during the formation of the two
dimensional rafts. This complex topographical
structure normally precludes the possibility of
analysing the coincidence-site structure dis-
locations as per Schober and Balluffi [6-8).

3. Discussion

This section will briefly discuss the results
obtained during the investigation and their
relevance to current structural theories and will
discuss the relative merits and drawbacks of the
techniques employed.

3.1. Structural studies

The observation of Van der Merwe dislocations
in the majority of grain boundaries analysed
indicates the importance of this class of defect,
and is completely at variance with the results
obtained by Longinov [22] and his subsequent
structural theory which he based on a concept of
“complete conjugation”. In this model, the term
complete conjugation implies that the flux of
planes terminating on the boundary is equal in
the two crystals. However, this can only be true
if the boundary is in a symmetrical tilt orienta-
tion, or when the length of boundary analysed
is less than the dislocation spacing (equivalent to
the coherency criterion for interphase interfaces
[18, 23].

The observations of structure units in grain
boundaries during this study has shown them to
be far more complex than those envisaged by a
simple geometrical approach and the existence of
structure units on adjacent coincidence site
structure planes implies that a stacking fault has
been introduced into the basic coincidence site
structure. It has been shown that asymmetric
boundaries produce configurations similar to
those predicted [20], the “odd structure units”™
characterizing the extra half plane of the Van der
Merwe dislocations.

It would appear, from the present studies, that

certain sites in the boundary are preferential
sinks for solute, and hence one might expect, in
real situations, to produce some form of “solute
wavelength” in the boundary, that wavelength
being characteristic of the structure units
comprising the boundary. Since a study of this
kind requires atomic resolution, the only tech-
nique available is field-ion microscopy, and thus
far, no such evidence of a solute wavelength, has
been forthcoming [24-26].

3.2. The methods employed

Both techniques employed in this study are
useful for investigating a variety of grain-
boundary phenomena, although, for any one
particular application, one technique may be
preferable to the other. The problem of annular
shape in the ball model has already been men-
tioned, although this problem can be minimized
by increasing the size of the raft such that “‘edge
effects” become of relatively minor importance.
Both models can be used to simulate the
dynamic properties of grain boundaries, but
these studies have been considered elsewhere
[27]. In analysing solute/grain-boundary inter-
actions, the bubble model has proved the more
successful thus far; problems being encountered
in using different ball sizes due to the fact that
the “‘solute atoms” (in this case being balls of
smaller diameter) tend to attach themselves to
the larger solvent atoms”. At present, work is
being directed at using balls with dissimilar
permeabilities but with equal dimensions.

The major drawback of both techniques is
their two-dimensional nature. Hence only tilt
grain boundaries may be analysed. In an attempt
to investigate the structure of twist grain
boundaries, two ball rafts were stacked on top of
each other in the magnetic field; the resulting
dislocation arrays being analysed in terms of the
Moiré fringes so produced. The main problem
encountered in this study was the difficulty
experienced in producing single crystal rafts, the
Moiré patterns being highly complex and
difficult to analyse.

The other boundary models not specifically
mentioned here are those of computer simula-
tion [20, 21] and Moiré fringe modelling [13,
10, 24]. The former has the advantage, that the
interactomic potentials can be chosen at will,
although it is interesting to note the similarity
between the examples cited here and the simula-
tions of the various computer models. Moiré
fringe modelling has an advantage in its capa-

1827



P. R. HOWELL,

I. T. KILVINGTON, A. WILLOUGHBY3 B. RALPH

bility for analysing both tilt and twist grain
boundaries, and the Van der Merwe dislocations
produced by rotation other than that about the
primary axis of rotation [10, 24].
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