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Abstract An alumina (a-Al2O3) bicrystal with a (�1104)/

[11�20] 2o low-angle tilt grain boundary was fabricated by

diffusion bonding at 1500 �C in air, and the grain boundary

was observed by transmission electron microscopy (TEM).

High-resolution TEM observations revealed that the grain

boundary consists of at least two kinds of dislocations. One is

a perfect dislocation which has a Burgers vector of

1/3[�12�10]. The other is dissociated into two partial disloca-

tions with a stacking fault on the (0001) plane, and each

partial dislocation has a 1/6[�1101] edge component. It is

suggested from structural considerations that the dissoci-

ated-dislocation pair originates from a b = 1/3[02�21] per-

fect dislocation (i.e., 1/3[02�21] ? 1/6[02�21] ? 1/6[02�21]).

This dissociation produces a stacking fault in the anion

sublattice. The stacking fault energy is estimated to be

roughly 1.3 Jm-2 based on the elastic theory. The authors

discuss the dislocation structures and the stacking fault

formed on the (0001) plane in detail.

Introduction

Alumina (a-Al2O3) is widely used as a high-temperature

structural ceramic. Since the mechanical properties of

crystalline materials are strongly related to dislocation

behavior, dislocation structures in alumina have been

extensively studied by transmission electron microscopy

(TEM) [1–16]. Dislocations in this material often dissoci-

ate into two or more partial dislocations with stacking

faults in between. In order to identify the dissociation

structures, it is necessary to analyze the dislocation core

structures at atomic level. However, it is extremely difficult

to observe the core structure of lattice dislocations intro-

duced by the deformation processes, because dislocations

are often at an incline to the observing direction in TEM.

Thus, using grain boundary dislocations which have

equivalent structures to lattice dislocations is an alternative

method to study dislocation core structures [10–12, 14, 15,

17, 18]. A low-angle grain boundary is formed between

two grains which have a slight misorientation, up to about

15o [19, 20]. In the grain boundary, dislocations are peri-

odically introduced to accommodate the misorientation.

The dislocation structure depends on the grain boundary

plane and the rotational axis. Thus, if the authors can

arbitrarily control the grain misorientation, the authors may

form the same dislocations as those introduced by the

deformation processes along the boundary.

Bicrystal experiments have been extensively performed

to investigate the grain boundary structures in alumina [10–

15]. Using the bicrystal method, the authors can obtain
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grain boundaries which have a well-controlled orientation

relationship. In alumina, dislocation structures in {11�20}/

[0001] [10], {11�20}/h1�100i [11, 12, 14], and {1�100}/

h11�20i [15] low-angle tilt grain boundaries in bicrystals

have been reported so far. It was found that each grain

boundary basically consisted of a periodic array of disso-

ciated dislocations with a stacking fault in between.

Stacking faults often appeared on the grain boundary plane,

because each grain boundary plane was selected to coin-

cide with a high-symmetric crystallographic plane. If less

symmetric planes are selected as grain boundary planes,

several kinds of dislocation structure may be formed to

accommodate the misorientation of the boundary, and

stacking faults will not necessarily occur on the grain

boundary plane. Therefore, it is interesting to investigate

which dislocation structures are formed in such grain

boundaries.

In this study, it was observed dislocation structures in a

{�1104}/h11�20i 2o tilt grain boundary by TEM. The authors

will discuss the dislocation structures and the stability of

the stacking faults formed in the boundary.

Atomic structure of alumina

The crystal structure of a-Al2O3 is the corundum type

structure (space group: R�3c). The lattice parameters of the

hexagonal unit cell are a = 4.76 Å and c = 12.99 Å

(c/a = 2.73) [21]. The atomic configuration is schemati-

cally described in Fig. 1. The oxygen ions are approxi-

mately arranged in hexagonal close packing, and the

aluminum ions are occupied in 2/3 of the octahedral

interstices of the anion sublattice. The translation vectors

1/3[11�20], 1/3[�1101], and 1/3[2�201] are indicated by the

arrows of solid line. The vectors 1/3[1�100] and 1/3[0001],

indicated by the arrows of broken line, correspond to

translation vectors in the anion sublattice but not in the

cation sublattice. The planes (1�102) and (�1104) are indi-

cated by the broken lines. It is noted that the planes (�1104)

and (1�104) are not equivalent crystallographic planes

because of a threefold symmetry with respect to the hex-

agonal c-axis. The directions [�1101] and [2�201] are parallel

to the (1�102) and the (�1104) planes, respectively, and are

separated by an angle of 84.16o.

Experimental procedure

A bicrystal with a (�1104)/[11�20] 2� tilt grain boundary was

fabricated by bonding two pieces of high-purity alumina

single crystal ([99.99%, Shinkosha Co., Ltd.) in air at

1500 �C for 10 h with a cooling rate of 300 �C/h [10–12, 14,

15]. The schematic illustration of the bicrystal is shown in

Fig. 2. The size of the bicrystal was 15 9 12 9 12 mm3.

A sample for TEM observation was prepared by a

standard procedure using the ion thinning method. The

bicrystal was cut to about 2 9 1.5 9 0.5 mm3 with (11�20)

surfaces using a diamond saw. Subsequently, both the

surfaces were mechanically ground to a thickness of about

20 lm and then polished to a mirror finish using diamond

slurries. The sample was argon-ion milled (*4 kV) to

obtain electron transparency. One side of the sample sur-

face was coated with a thin amorphous-carbon film to

avoid charging during observation. The grain-boundary

structure was observed with two TEMs: a JEM-2010HC

(JEOL, Tokyo), operating at 200 kV, for conventional

analysis; and a JEM-4010 (JEOL, Tokyo), operating at

400 kV, for high-resolution analysis. The point-to-point

resolution of the JEM-4010 is better than 0.16 nm.

Fig. 1 Schematics showing the crystal structure of alumina viewed

from the [11�20] and the [0001] directions. The vectors of 1/3[11�20],

1/3[2�201], and 1/3[�1101] correspond to translation vectors, which are

indicated by the solid arrows. The angle between the (�1104) plane and

the [�1101] direction is 84.76o
Fig. 2 A schematic of the fabricated alumina bicrystal. The tilt angle

2h was set to be 2�
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Results and discussion

Figure 3 shows a dark-field TEM image of the (�1104)/

[11�20] grain boundary taken using the reflection

g = (1�10�4). Small pair contrasts and relatively large con-

trasts can be seen along the grain boundary. This implies

that the grain boundary consists of two or more kinds of

dislocations. The periodicity of the contrasts, d, is roughly

15 nm. From the electron diffraction pattern taken from the

[11�20] zone axis, the tilt angle of the boundary, 2h, was

estimated to be 2.1o. The edge component of the disloca-

tions to accommodate the mistilt, |be|, can be estimate to be

0.55 nm by Frank’s formula [20]:

be ¼ 2h� d ð1Þ

It is reasonable to consider that be corresponds to the

vector 1/3[�1101] (|1/3h�1101i| = 0.511 nm), which is the

smallest translation vector along the [�1101] direction and

can efficiently accommodate the misorientation perpendic-

ular to the (�1104) grain boundary plane.

Since the angle between the [�1101] direction and the

(�1104) grain boundary plane (or the [2�201] direction) is not

90� but rather 84.16�, the vector of 1/3[�1101] will accom-

pany shear of the boundary toward the [2�201] direction to

accommodate an additional misorientation due to the incli-

nation of the vector. The magnitude of shear is estimated to

be |1/3[�1101]|�cos84.16� = 0.052 nm. This indicates that

dislocations which have a component toward the [�220�1]

direction should be periodically introduced to accommodate

the shear due to the 1/3[�1101] component. Therefore, two or

more kinds of perfect dislocations should be introduced, and

thus the dislocation contrasts in Fig. 2 are not uniform. Also,

dislocations which have the component along the [�220�1]

direction should accompany asymmetric strain fields relative

to the grain boundary plane, which forces the dislocations to

move out of the boundary plane. This may be the reason why

the dislocations are not arranged along a straight line, con-

trary to other low-angle grain boundaries in alumina [10–12,

14, 15].

Figure 4a is a high-resolution TEM image of disloca-

tions in the boundary taken along the [11�20] zone axis. The

right and the left dislocations are dissociated into two

partial dislocations, while the center dislocation is of per-

fect type (undissociated). Figure 4b shows the core struc-

ture of the perfect dislocation. The Burger circuit indicates

the edge components of the dislocation. It is found that the

perfect dislocation has be = 1/2[�1100] edge component.

This component can be represented as 1/6[�1101] ?

1/6[�220�1], which accommodates the mistilt and shear of

the boundary. However, the component be = 1/2[�1100]

does not correspond to a translation vector. Since the

Burgers vector of a perfect dislocation must coincidence

with a translation vector, a screw component along the

[11�20] direction should be included in the perfect dislo-

cation in Fig. 4b. Here, the screw component which gen-

erates the smallest translation vector is bs = 1/6[11�20]

or 1/6[�1�120], which are equivalent each other. Therefore,

the Burgers vector of the perfect dislocation can be b =

1/3[�12�10] or 1/3[�2110] (i.e., 1/2[�1100] ? 1/6[11�20] ?
1/3[�12�10] or 1/2[�1100] ? 1/6[�1�120] ? 1/3[�2110]).

The core structure of the dissociated dislocation pair is

shown in Fig. 4c, with the partial dislocations split along

the (0001) plane. This indicates that a stacking fault is

formed on the (0001) plane in between the partial dislo-

cations, and that the stacking fault on the (0001) plane may

Fig. 3 A dark-field TEM image of the grain boundary obtained using

the reflection g = (1�10�4). Small pair contrasts and relatively large

contrasts can be seen along the grain boundary

Fig. 4 a A high-resolution TEM image of the grain boundary. The

center dislocation is not dissociated, while the right and the left

dislocations are dissociated on the (0001) plane. b The enlarged

image of the center dislocation in (a). The Burgers circuit indicates

that the edge component of this dislocation is 1/2[�1100]. c The

enlarged image of the left dissociated-dislocation pair. Each disloca-

tion has 1/6[�1101] edge component, and so the total edge component

of dissociated-dislocation pair is 1/3[�1101]
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be relatively more stable than those of other possible

planes, namely, the planes perpendicular to the {11�20}

plane, such as {1�100}, {1�102}, and {�1104}. It is noted that

the contrast of the stacking fault is similar to that of the

bulk. The Burgers circuits indicate that each partial dislo-

cation has an edge component of be = 1/6[�1101], and so

the total edge component of the partial-dislocation pair is

be
tot = 1/3[�1101], which mainly accommodates the mistilt

of the boundary. Owing to the indefinite screw component,

two possible total Burgers vectors of the partial-dislocation

pair, b1
tot and b2

tot, can be considered as follows. (1) Since

the vector 1/3[�1101] corresponds to a translation vector,

b1
tot = 1/3[�1101] can be a Burgers vector of the perfect

dislocation. (2) If the partial-dislocation pair has a screw

component of 1/3[11�20], b2
tot = 1/3[02�21] can be the sec-

ond smallest Burgers vector of the perfect dislocation with

1/3[�1101] edge component (i.e., 1/3[�1101] ? 1/3[11�20] ?
1/3[02�21]). When the screw component is opposite in sign

(1/3[�1�120]), the total Burgers vector is 1/3[�2021], which is

equivalent to the 1/3[02�21] vector. Thus, it is enough to

consider the two vectors of b1
tot and b2

tot.

As mentioned above, each partial dislocation has the

equivalent edge component of 1/6[�1101]. The magnitude of

the screw component of it is assumed to be zero or

|1/6[11�20]| from the crystal structure. Other screw com-

ponents (e.g.,: 1/9h11�20i) may be possible, but are too

complex to be considered here. Thus, the following dis-

sociation reactions can be considered for the perfect dis-

locations of b1
tot = 1/3[�1101] and b2

tot = 1/3[02�21].

1=3½�1101� ! 1=6½�1101� þ 1=6½�1101� ð2Þ
1=3½�1101� ! 1=6½02�21� þ 1=6½�2021� ð3Þ
1=3½02�21� ! 1=6½02�21� þ 1=6½02�21� ð4Þ

In the first case, the partial dislocations have no screw

components. In the second case, they have antiparallel

screw components of 1/6[11�20] and 1/6[�1�120]. In the third

case, they have equivalent screw components of 1/6[11�20].

The vector 1/6[�1101] does not correspond to a translation

vector in either the cation or the anion sublattice, while the

vector 1/6[02�21] corresponds to a translation vector in the

cation sublattice. Therefore, the dissociation of Eq. 2

generates a staking fault in both the anion and cation

sublattices, and the dissociations of Eqs. 3 and 4 generate a

staking fault in only the anion sublattice. Here, it was

define stacking faults formed on the (0001) plane by the

fault vectors 1/6[�1101] and 1/6[02�21] as SFAC and SFA,

respectively. The suffixes A and C mean the sublattice of

anions and cations, respectively.

Fig. 5 Schematics showing the rigid models of SFAC and SFA.

a, b show the [11�20] projection of SFAC and SFA, respectively. The

positions of the stacking faults are indicted by the solid line; however,

they cannot be confirmed in each model from this projection

direction. c–e show the [0001] projection of SFAC, SFA, and the

bulk, respectively. In these schematics the ions between the broken
lines in (a) and (b) are described. The numbers 1 and 2 on the oxygen

ions correspond to O1 and O2 in (a) and (b)
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Figure 5a and b shows the rigid models of SFAC and

SFA along the [11�20] projection, respectively. They are

seen to have the same atomic configuration in this pro-

jection direction. The rigid model of SFAC was constructed

by removing 1/6[0001] thick of the (0001) plane and

shearing the crystal by 1/6[�1100] on the (0001) plane. If the

shear component is changed to 1/3[01�10], SFA is formed.

The positions of the stacking faults are indicated by the

solid line, but the atomic disorder of the stacking faults

cannot be identified from the [11�20] projection. This is

consistent with the fact that the high-resolution TEM

contrasts of the stacking fault are bulk-like in Fig. 4.

Figure 5c and d shows the [0001] projection of SFAC and

SFA, respectively, over the five (0001) atomic layers

between the broken lines in Fig. 5a and b. The atomic

staking of the perfect crystal is shown in Fig. 5e. The

oxygen ions notated by 1 and 2 are on different heights of

(0001) planes, and correspond to atomic layers indicated by

O1 and O2 in Figs. 5a and b. In the perfect crystal, the

layers of O1 and O2 are arranged with a shift of 1/9[11�20]

with respect to each other, as seen in Fig. 5e. The shift of

O1 and O2 in SFAC is 1/6[1�100], and the aluminum ions are

also arranged by a shift of 1/6[1�100] across the stacking

fault. The layers of O1 and O2 in SFA are overlapped with

each other, and there is no stacking disorder in the cation

sublattice.

Table 1 shows the lengths of the shortest O–Al bonds

and the nearest O–O distance in the rigid model of SFAC,

SFA, and the bulk. The first nearest O–Al bond in SFAC is

about 42% shorter than that in the bulk. This O–Al bond

would be very unstable, and it may lead to quite high

energy or the atomic positions may be considerably chan-

ged by relaxation. On the other hand, the length of the first

nearest O–Al bond in SFA is almost bulk-like, and the

nearest O–O distance is about 12% shorter, which should

increase electrostatic energy but not as much as in SFAC.

Also, the actual atomic configurations of the stacking fault

may be close to the rigid models in Fig. 5, because the

contrasts of high-resolution TEM of the stacking fault in

Fig. 4 are similar to that of the bulk. The above consider-

ations suggest that SFAC would be more difficult to form

than SFA. Next, the authors discuss the staking fault

energies based on the elastic theory.

The elastic repulsive force between dislocations can be

derived from the Peach–Koehler equation [22]. For a dis-

sociated-dislocation pair, the excess energy of the stacking

fault formed between them acts as attractive force. In the

case that two dissociated dislocations are equivalent and

parallel, this force balancing is finally described as follows;

c ¼ l
2p

b2
e

1� m
þ b2

s

� �
1

r
; ð5Þ

where c is the stacking-fault energy, l is shear modulus

(*150 GPa) [23], m is Poisson’s ratio (*0.24) [24], and r

is the separation distance between the partial dislocations.

In Fig. 4a, the average separation distance between the

partial-dislocation pairs is 2.6 nm. Assuming the dissoci-

ation reactions of Eqs. 2–4, the fault energies are estimated

to be cAC = 0.79 Jm-2 for the dissociation reaction of

Eq. 2, cA-1 = 0.27 Jm-2 for Eq. 3 (in this case the sign

before the term of bs
2 in Eq. 5 is minus, because the

screw components of the partials are antiparallel), and

cA-2 = 1.3 Jm-2 for Eq. 4. It is noted that these calcula-

tions do not take into account the contributions from other

dislocations in the boundary.

In deformed alumina crystals, cation stacking faults on

the {11 �2 0} or {1�100} planes are typically seen [1–3, 6, 7,

9–12, 14–16], while neither anion faults nor (0001) faults

have been found. This implies that anion faults and (0001)

faults have higher energies than such cation faults.

Experimental values of cation fault energies are 0.2–

0.3 Jm-2 for the {11�20} fault [9, 10, 16] and 0.4–0.5 Jm-2

for the {1�100} faults [15]. For (0001) cation faults, the

fault energies were theoretically estimated to be 1.5–

1.8 Jm-2 (depending on structure models) based on the

local-density-functional theory [25]. Using these values as

reference, it can be said that the value of cAC (=0.79 Jm-2)

appears to be too low, although SFAC has O–Al bonds

which are about 42% shorter than that of in the bulk. Thus,

the dissociation reaction of Eq. 2 is energetically incon-

sistent. The value of cA-1 (=0.27 Jm-2) is rather low

compared to the reference values, and so the dissociation

reaction of Eq. 3 is also inconsistent. The value of cA-2

(=1.3 Jm-2) is lower to some extent than the theoretical

fault energies of (0001) cation faults. Although the validity

of the value is difficult to judge, it can be said that this

value is not as unreasonable as the others, and thus that

the dissociation reaction of Eq. 4 is the most probable of

the three assumed reactions. Therefore, it is likely that the

partial-dislocation pair in Fig. 4a corresponds to the dis-

sociation reaction of Eq. 4 with SFA.

The analysis suggests that the perfect and the partial

dislocations in the {�1104}/h11�20i tilt grain boundary have

screw components, while the total screw component of

dislocations in a tilt boundary must be zero. Thus, the

Table 1 The lengths of the shortest O–Al bonds and the nearest O–O

distance in the rigid model of SFAC, SFA, and the bulk

O–Al (Å) O–O (Å)

SFAC 1.1 2.5

SFA 1.9 2.2

Bulk 1.9 2.5
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screw components would alternate in sign. This is a pos-

sible configuration because, as mentioned earlier, the

Burgers vectors of dislocations which have screw compo-

nents toward the [11�20] and the [�1�120] directions are

equivalent for the both cases of the perfect dislocation and

the partial-dislocation pair. However, the configuration of

the screw components is not elucidated by this study. There

is also room to investigate dissociation reactions which the

authors did not consider. In order to prove the dissociation

reaction and the structure of the stacking fault on the

(0001) plane, it is needed to identify the screw components

of the dislocations by such as g � b analysis using con-

ventional TEM.

Conclusion

Dislocation structures in a {�1104}/h11�20i 2� tilt grain

boundary were investigated by high-resolution TEM.

Based on the TEM observations and structural consider-

ations, it was suggested that the grain boundary consists

of b = 1/3h02�21i dissociated-dislocation pairs and b =

1/3h�12�10i perfect dislocations. Also, each dissociated-dis-

location pair accompanied a stacking fault on the (0001)

plane. It was consider that the dissociation reaction is likely

to be 1/3h02�21i? 1/6h02�21i ? 1/6h02�21i, which gener-

ates a stacking fault in the anion sublattice. Assuming this

dissociation reaction, the stacking fault energy was esti-

mated to be roughly 1.3 Jm-2 based on the elastic theory.
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