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Dissociation of lattice dislocations in
coincidence boundaries

HIROYUKI KOKAWA,* TADAO WATANABE, SEIICHI KARASHIMAT
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Japan

The possible dislocation reactions in coincidence boundaries with £ £ 19 in fcc and

b ¢ c crystals were systematically analysed in consideration of energetics according to
the coincidence site lattice theory. The elastic energy reduction during dissociation of
lattice dislocations suggests to be more easily absorbed into coincidence boundaries

with large Z-values. Transmission electron microscopy showed a large difference in the
absorption rate between coincidence and random boundaries in crept specimens. The
absorption of the lattice dislocation depends strongly on its Burger’s vector even in the
same grain boundary. Experimental results showed that most of EGBDs observed in

the coincidence boundaries were of the Burger’s vectors which give rise to smaller energy

reduction due to the dissociation reaction.

1. Introduction

Interaction of lattice dislocations with grain bound-
aries is one of the basic processes controlling
various properties of polycrystailine materials.
In plastic deformation, grain boundaries interrupt
the motion of lattice dislocations on slip planes
and give rise to grain size dependence of flow
stress. During recrystallization migrating grain
boundaries absorb the high density of the lattice
dislocations to remove elastic strain in crystals.
In the case of grain boundary sliding it has been
accepted that the absorption of lattice dislocations
into the grain boundary is the important ele-
mentary process [1-5]. Most recently the present
authors have experimentally obtained direct
evidence for the importance of the absorption in
sliding [6].

Previous transmission electron microscopy
(TEM) studies have suggested the following two
possibilities of the absorption process of lattice
dislocations at grain boundaries; the lattice dis-
locations can either spread their cores in the grain
boundary [7-9] or dissociate into other dislo-
cations [4, 5]. These models for the absorption
mechanism are well reviewed by Gleiter [10].

The idea of the dissociation of a lattice dislocation
into two or more partials in a grain boundary was
first put forward by Crussard and Friedel in 1956
[11]. Such a dissociation of a lattice dislocation
into partials was observed by transmission elec-
tron microscopy of a 229 boundary in a creep
tested austenite stainless steel bicrystal [12].
Recently the dissociation of lattice dislocations
into grain boundary dislocations (GBDs) with-
DSC primitive lattice vectors has been discussed
[4, 5, 13] on the basis of theoretical consideration
of grain boundary structure [14, 15]. (The DSC
lattice is composed of all relative translations
between two grains that leave the structure of the
periodic pattern unchanged [15].) Darby et 4l
[13] have shown that the absorption process can
be formally described in terms of the dissociation
into either perfect or partial GBDs for their exper-
imental results on GBDs. Earlier TEM studies
have revealed the details of the dissociation in
aluminium [16] and austenitic stainless steel [17]
boundaries. The energetics based on the dissoci-
ation model has suggested that the driving force
of the absorption does depend on Z-value (the
reciprocal density of common lattice points) [4]

*Present address: Department of Metal Processing, Faculty of Engineering, Tohoku University, Sendai, Japan.
TPresent address: Department of Precision Engineering, Faculty of Engineering, Yamagata University, Yonezawa, Japan.

0022-2461/83 $03.00 + .12

© 1983 Chapman and Hall Ltd.

1183



and the Burger’s vector of lattice dislocation [18].
However, there has not been much direct exper-
imental evidence for those dependences. The
present investigation has been made to systemati-
cally analyse the dissociation reactions in the grain
boundary of fcc and bcc crystals according to
the coincidence site lattice theory, and to examine
the validity of the present analysis by transmission
electron microscope observations of the interac-
tions between the lattice dislocations and the
grain boundary.

2. Energetics of dissociation reactions

Pond and Smith [4] have pointed out that the
elastic energy reduction by the absorption reaction
increases in general with the increasing Z-value, but
that not all absorption reactions lead to areduction
in elastic energy [18]. In this section, the Z-depen-
dence and the anisotropy of the elastic energy
reduction were systematically analysed for dis-
cussion in the following section.

As one of the elementary processes of the
absorption of lattice dislocations into the grain
boundary, the dissociation process into the grain
boundary dislocations having DSC primitive lattice
vectors is examined. The possible dissociation reac-
tions have been analysed for coincidence bound-
aries mainly with 2 <19 in fcc and b cc crystals,

because the special properties of the coincidence
boundary generally appear to be more significant.
However, a 225 fcc coincidence boundary was
also analysed to explain the TEM observation. The
Burger’s vectors of the typical lattice dislocations
af2¢110) and /2(1 1 1) were chosen for fc¢ and
bcc respectively, and the GBDs calculated by
Ishida and McLean [19, 20] were used.

Fig. 1 shows Z-value dependence of the average
number of GBDs into which one lattice dislocation
dissociates in specific coincidence boundaries. In
both fcc and b cc, the average number tends to
increase with the X-value, The increase is the
natural consequence of the magnitude of the
Burger’s vector of GBD which decreases with
the increasing Z-value [19, 20]. ‘

According to the recent theory of grain
boundary structure, the grain boundary is con-
sidered to be several atoms wide, and conservation
of the Burger’s vector in the grain boundary is
similarly considered as in the grain interior. The
elastic energy change (AE) by the dissociation
reaction can be estimated on a b? criterion.
The effect of shear modulus is discussed later.
— AEJE (%) is the percentage of the elastic energy
reduction due to the dissociation reaction of a
lattice dislocation.

The absorption process of a lattice dislocation
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Figure 1 £ dependence of the average number of GBDs.
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is completed only when the dissociated products
are incorporated into pre-existing structural dis-
location arrays and all the GBDs restore the equal
spacing for optimum cancelling of the long range
elastic fields [4]. Therefore, the rate of the absorp-
tion process itself must be controlled by that of
the rearrangement of the GBDs. The rearrange-
ment generally involves climb motion because of
the component of the Burger’s vectors perpen-
dicular to the boundary plane, The rate of the
absorption is controlled mainly by the geometrical
relationship between its Burger’s vector and the
grain boundary plane as well as the grain boundary
diffusion. The elastic energy reduction (— AE/E)
of the reactions is assumed to be the major driving
force of the dissociation process. Figs.2a and b
show the relationship between Z-value and — AE/E
for fcc and bcce crystals, respectively. In these
figures the solid circle indicates the average value
for each coincidence boundary. In both fcc and
bcc crystals, the average value of — AE/E appears
to increase as the XZ-value increases. Pond and
Smith [4, 18] have suggested a similar tendency.
The present result leads to the suggestion that a
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lattice dislocation will be absorbed more easily
by a grain boundary as the X-value-increases.
A random high angle boundary would absorb
a lattice dislocation quite easily, because the
random boundary may be regarded as one with an
extremely large 2-value.

It should be noted that the driving force,
— AE/E, for the dissociation of lattice dislocations
with different Burger’s vectors is quite different
even in the same boundary. For example, Table I
shows the dissociation reactions and the energy
reduction for the Z13a fcc boundary. Tablel
demonstrates that the — AE/E is 31% for a lattice
dislocation ‘with by,, but that it is 62% for a by
dislocation; this fact suggests that the by, dis-
location is absorbed more easily than the by,
dislocation into the boundary. This type of
anisotropy of the absorption reactions similarly
occurs in other boundaries. For a grain boundary
with a specific Z-value — AE/F takes the maximum
and minimum values indicated by open circles
in Fig.2 (in the case of bcc boundaries with
{1 00) rotation axis, 5, 13a and 17a, there is no
variation in the driving force with the difference
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Figure 2 The relationship between =-values and — AE/E (a) for fcc (b) for bec.

1185



9 9
9 ‘oz —'ag ="1q “e+fa—to— =Hgger]— = Viggerl = "9
9
1€ *q+iqz— = g 94+ 'q— um_ﬁmzwluw = Vigg .m:xm = q
9T 9
Te *q4'qz— = "Ig g +fq— nﬁmmm:ﬂ = immm:uw = "q
1 S 0
9T 9 €1
79 ‘qg +'qz = *Ig mzwm:ﬂ = <_Nmm:|m = '*q S loatl/zoee
0 0 ¢TI
£ ®q+qz =*1q Eﬂo_mm = im::olw ='q
9 97
43 *a+'qr =g m:mo_% =VlIsol= ="a
) 2V — :oﬁomﬁ [edslelei6leNy g ago 3o 101504 s, 1931Ing XIBW UoI1e1oy sixefa13ue uoneloy

[110lz/e="Tqpue [1o1lz/r="Tq (o1 Tit/z="Ta‘ {1 1ole/r="Tq {10 1lc/r="Ta [0 1 1]e/?

= '"Iq oTe SUOHEDOISIP 301)] JO $10309A S J08Ing AU, "V UIEIS oU3 ul AIBpUNOq 99 B¢ ¢ 10J “F/AV — ‘Uonpnper A8rous oy} pue suonowal UOHEDORSIP o[qissod 1 A T4V L

1186



in Burger’s vector). Therefore, it seems very
possible that the difference in the Burger’s vector
of the lattice dislocation affects the difficulty of
the absorption in the same boundary. The Burger’s
vector of the lattice dislocation depends on the
slip system activated during crystal deformation.
Therefore, the possible effect of the stress direc-
tion on the absorption process should also be
remembered, The present authors have observed
grain boundaries in crept specimens of aluminium
by transmission electron microscopy. The result
has shown that the absorption process does play
an important role in the grain boundary sliding
[6]. If the absorption process of the lattice dis-
location by a grain boundary is an essential process
of grain boundary sliding [1--3], the grain boundary
which absorbs less lattice dislocations will produce
a smaller amount of grain boundary sliding. The
anisotropy of the absorption reaction may cause
some anisotropy of grain boundary sliding.
Biscondi and Goux [21] have reported that the
grain boundary sliding took place much more
easily in the direction perpendicular rather than
parallel to the rotation axis in {1 0 0) tilt aluminium
bicrystals with the same misorientation. The
anisotropy of the absorption is suggested to be
one of the possible reasons for the anisotropy of
sliding. This has yet to be verified by experiments
in the near future.

The preceding discussions were made for grain
boundaries with the exact coincidence orientation
relationships. General boundaries deviate from the
exact coincidence orientations by the superposition
of GBD nets on the exact coincidence boundaries.
However, similar reactions to those in the exact
coincidence orientations are also expected to
occur in slightly off-coincidence boundaries. The
superposition of GBDs may also increase the grain
boundary diffusion rate, and accelerate the absorp-
tion process [4]. For this reason the absorption
reactions in slightly off-coincidence boundaries
are considered to occur more easily than in grain
boundaries of the exact coincidence orientations.

The elastic energy of a dislocation is considered
to be proportional to ub?, where the shear modulus
was taken to be constant for both the grain interior
and the grain boundary. However, the shear
modulus of the grain boundary has been supposed
to belower than that of the grain interior [4,22], so
that the driving force of the absorption may become
larger due to the reduction of the shear modulus.
Provan and Bamiro [23] have calculated the shear

modulus of (00 1) symmetric tilt boundaries of
copper and aluminium by computer simulation.
Their result showed that the shear modulus of the
perfect crystal lattice is an upper bound for all the
simulated high angle boundaries, and that the
boundary shear modulus is significantly dependent
on the misorientation. It is also shown that the
shorter period boundary, which has a smaller X-
value (high regularity), has the higher shear
modulus. According to their results a lattice dislo-
cation can reduce the elastic energy by running into
a grain boundary, and the reduction islarger for the
grain boundary with lower regularity. Considering
the elastic energy reduction due to that of the
shear modulus, it is expected that the driving force
of the absorption reaction may be larger than
those considered previously, in particular in grain
boundary of larger Z-value. However, the qualita-
tive behaviour of absorption reaction would not
differ much from that shown in Fig. 2.

3. Transmission electron microscope
observations
3.1. Interactions of the lattice dislocations
with grain boundaries of different
types
The elastic energy change calculated in Section 2
shows that the dissociation of a lattice dislocation
occurs rather easily in the grain boundary of large
Z-value. This suggests that the absorption may
occur much more easily in random boundaries
than in coincidence boundaries. This is supported
by recent TEM studies on the spreading process of
EGBDs in grain boundaries [7, 24—28], which
show that EGBDs are much more stable on ordered
boundaries in comparison to random boundaries
[27]. In the present study, in order to prove this
suggestion more directly, the image changes of
lattice dislocations running into grain boundaries
of different types were continuously observed.

A tensile specimen (50mm x 8 mm x 1 mm in
gauge size) of 99.999% pure aluminium cut from
cold-rolled sheet were annealed at 600K for 12h,
resulting in a mean grain size of about 50 um in
diameter. The specimen was crept up to 1.3%
elongation at tensile stress of 5 MPa and at 600K
in an argon atmosphere.

Fig. 3 shows the grain boundary structure in
the crept specimen. As schematically illustrated in
Fig. 3c, the two grain boundaries observed bordered
the grain A. Kikuchi line analysis demonstrated
that grain boundary (GB) 1 was a random boundary
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and grain boundary (GB) 2 slightly deviated from
the Z13b orientation relationship by 2.68°
(A9 =2.68°). After creep deformation, no
extrinsic grain boundary dislocation (EGBD) was
observed in the random boundary (GB 1), while
many EGBDs were observed in the coincidence
boundary (GB 2). During observation for a rather
long time, motion of some lattice dislocations
which would have been of the same Burger’s vector
took place in grain A, probably because of thermal
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Figure 3 Interactions of lattice dis-
locations with grain boundaries of dif-
ferent types; (a)a random boundary
(grain boundary 1), (b)a slightly off-
=13b coincidence boundary (grain
boundary 2) in the specimen crept up to
1.3% elongation at a tensile stress of
5 MPa and 600K.

GrainB

Grain C

(c)

stress by electron beam irradiation. They moved
from the right hand side to the left in Fig. 3 to
impinge on the two grain boundaries. Those which
impinged on the random boundary (GB 1) rapidly
spread their images (see D in Fig. 3a), and decreased
their image contrast until they became invisible.
The lattice dislocation at the position D partly
lies in the grain boundary and partly within the
grain A. The spreading of the dislocation image
took place in the grain boundary. On the other



hand, the lattice dislocations impinged on the
slightly off-coincidence boundary (GB 2) remained
almost the same image contrast in the boundary as
in the grain A.* These observations suggest that
there is a significant difference in the absorption
rate between a random boundary and a coincidence
boundary, as expected from the analysis in Sec-
tion 2. EGBDs in GB 2 would have been lattice
dislocations introduced by creep deformation but
not absorbed for the grain boundary structural
reason as also reported by others [29].

3.2. Determination of the Burger's
vectors of extrinsic grain boundary
dislocations

According to the analysis in Section 2 the difficulty
of absorption of a lattice dislocation into a bound-
ary depends on the Burger’s vector. The EGBDs
observed after deformation could be the lattice
dislocations of small reaction energies (— AE/E).
Pond and Smith [4] pointed out that the absorp-
tion process requires climb motion of dissociation
products (GBDs). During high temperature creep
deformation, lattice dislocations impinge on a
grain boundary and climb in order to relax their
strain fields in or near the grain boundary. It has
been considered that the absorption of lattice dis-
locations is requisite for grain boundary sliding
[6]. It is interesting, therefore, to determine the
Burger’s vector of EGBDs in grain boundaries
whose sliding behaviour has been investigated by
high temperature creep tests,

Three tensile specimens (20mm X 8 mm x
1 mm in gauge size) cut from the cold-rolled sheet
were pre-annealed at 773K for 5h and annealed
at 923K for 100h after 2% straining, resulting in
a grain size of 5 to 10 mm in diameter. The speci-
men surfaces were electrolytically polished and
marker lines almost perpendicular to the grain
boundary were scribed for sliding measurement
on the specimen surface with a spacing of about
0.5mm. These coarse-grained specimens were
crept up to 10 to 15% elongation at tensile stress
of 1.0MPa and at 800K in an argon atmosphere
with a specially designed testing machine equipped
with a hightemperature stage microscope, with
which the amount of sliding was continuously
measured at a magnification of x 75.

On the assumption that the Burger’s vector of

the EGBDs is one of the possible lattice vectors
of the neighbouring grains, the visibilities of the
EGBD images on three grain boundaries in the
crept specimens were examined by operating
several different two-beam diffraction conditions
in each grain.

Fig.4 shows the examples obtained on a
slightly off-25a¥ coincidence boundary (A =
1.87°) which has experienced a grain boundary
sliding of 16 um during creep deformation up to
12.6% elongation. The EGBDs are observed when
(a) g=220, in the grain A and (c) g=2025 in
the grain B, but not observed when (b) g=2024
in the grain A and (d) g=111g in the grain B
(g is the diffraction vector). The result is tabulated
in Table II. Strictly speaking, only a pure screw
type dislocation is invisible when g-b=0. But
images of other types of dislocations may also
become remarkably weak. In this analysis the
criterion, g-b=0 was used to determine six
possible Burger’s vectors of lattice dislocations of
the 2/2{1 1 0)-type in each grain, A and B (Fig. 4).
In TableII (0) means the case with great possi-
bility, while (x) means with no possibility, For
example, the EGBDs were visible when g = 220,,
as shown in Fig. 4a. The g+ b = O criterion suggests
that 2/2{110], is an impossible Burger’s vector
among the six types of a/2{1 10), and the others
are not impossible. After the complete analysis
the possible Burger’s vector of the EGBDs in
Fig. 4 is limited to a/2[101],. Table III Lsts the
possible dislocation reactions and the energy reduc-
tions — AE/FE for £25a fcc boundary, where all
the vector index notations used in Fig. 4, Tables
Il and IIT are fixed to the rotation relationship
in Table HI. The Burger’s vector, ¢/2[101]4,
corresponds to by, in Table I11. Lattice dislocations
with this Burger’s vector are considered relatively
difficult to absorb, because of the smaller energy
change, — AE/E, due to the reaction.

Fig.5 shows a slightly off-2£13a boundary
(A9 =4.13°) which produces a sliding of 15um
during creep deformation up to 15.3% elongation.
The boundary has two sets of EGBDs whose direc-
tions are indicated by lines 1 and 2. The result of
Burger’s vector analysis is shown in Table IV. The
g-b=0 criterion limits the possible Burger’s
vectors of the EGBDs indicated by line 1 to
a/2[110]4, a/2[011], and 4/2[101]g. A trace

*Spreading of the lattice dislocations in slightly off-coincidence boundaries seems to be possible to smaller extent.
tTFor £25 coincidence orientation, there are two different coincidence lattices, 16.25°¢100)/£25a and 156.93°

(21 1/£25b [30].
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Figure 5 Two sets of EGBDs in a slightly off-z13a
coincidence boundary which produced sliding of 15 pm.

analysis was also made to determine the active
slip planes ({111}) which would have supplied
the EGBDs to the boundary. The result obtained
shows that the EGBDs may lie on (111), and
(111)g. If the Burger’s vector of the EGBDs lies
on the crystal slip plane, only /2[1 1 0], satisfies
all the above condition. After all, the Burger’s
vector of the EGBDs indicated by line 1 is con-
cluded to be @/2[110],, which corresponds to
by, in Table L. The Burger’s vector by, gives the
smaller — AF/E, so that the EGBDs are considered
the more difficult to be absorbed. On the other
hand, the possible Burger’s vectors of the EGBDs

indicated by line 2 are limited to by, and by in
Table I as shown in Table IV (the trace analysis
shows that the EGBDs may lie on (111),). For
bp, dislocations the absorption may be relatively
difficult because of the smaller —AE/E in Z13a,
while by; dislocations of the larger —AE/E are
considered to be easily absorbed. Therefore, the
energetics discussion in Section 2 suggests that the
EGBD:s indicated by line 2 probably have a Burger’s
vector of by, .

From the analysis of EGBD:s in a slightly off-Z9
boundary (A0 =4.76°) which produced a small
amount of sliding of 4 um during 11.0% creep
strain, it is suggested that the possible Burger’s
vector is a/2[1 1 0], which is by,, giving the smaller
— AEJE for 29 boundary as shown in Table V.,

The above results obtained in the three coincid-
ence boundaries show that the examined EGBDs
have the Burger’s vectors which produce only a
small energy change, — AE/E, upon absorption so
that they are difficult to dissociate. This is in good
agreement with the result which was obtained
from the energetics discussion in Section 2.

4, Conclusions

Assuming that the elementary process of the
absorption of the lattice dislocations into the grain
boundaries is a dissociation into GBDs, the absorp-

TABLE IVA Line 1. Burger’s vector analysis of EGBDs in a slightly off-Z13a coincidence boundary

g {110]a [101]a [011]a [110]14 [101]4 [011]a
020, o X o o X o
1114 X X X o o o
111, X o X o X o

g (110} [101]g (011]g [110lg [101]p [011}g
002g X o 0 X o o
111g o X o X o X
020p X o X X o X
TABLE I1VB Line 2. Burger’s vector analysis of EGBDs in a slightly off-213a coincidence.boundary

g [110]a [101]a (011]a [110]a [101]a 01T]a
020a o X o o X o
1114 o o o X X X
111, o X o X o X

g [110]g [101]g [011]g [110]s [101]g [011lg
002p X o o X o o
111g o X o X o X
020g X o X X o X
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tion process was discussed. The elastic energy
reduction during the dissociation reaction was
considered to be the driving force for the process.
The results were compared with the transmission
electron microscope observations of lattice dis-
locations in crept aluminium grain boundaries of
different structures. The conclusions are as follows:

1. A lattice dislocation is suggested to be more
easily absorbed into coincidence boundaries with
larger Z-values. Transmission electron microscopy
showed a large difference in the absorption rate
between coincidence and random boundaries.

2.The absorption of the lattice dislocations
depends strongly on its Burger’s vector even in the
same grain boundary. The experimental results
have shown that most of the EGBDs observed in
the coincidence boundaries in crept specimens are
of the Burger’s vectors which give rise to a smaller
energy change, — AE/F, due to the dissociation
reaction and this may make the absorption of the
lattice dislocation more difficult,
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