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Abstract A bicrystal slightly deviated from the rhom-

bohedral twin orientation is deformed by creep so as to

activate two basal slip systems in each grain. The tilt

deviation in the starting bicrystal is accommodated by two

parallel arrays of disconnections with the smallest twin

Burgers vectors and large associated steps. Dislocations

from both grains interact with the grain boundary (GB) and

the tilt deviation increases by 3.6�, giving rise to an array

of pure edge disconnections with no associated steps.

Interfacial defects are interpreted by reactions between

incoming dislocations and GB disconnections. Decompo-

sitions of dislocations into GB disconnections are followed

by glide and climb of products that can annihilate or

interact to give a perfect wall of edge disconnections

superimposed to the twin boundary perfect structure.

Owing to their large Burgers vectors, the final disconnec-

tions are always dissociated.

Introduction

Grain boundary (GB) dislocations play a major role in

high temperature deformation of polycrystalline alumina

with small grain size and no intergranular glassy phase. In

fine-grained Mg–alumina, the main deformation process is

GB sliding, which involves GB dislocation glide and

climb, processes that are controlled by GB diffusion [1, 2].

In polycrystals, obstacles to GB sliding create local stress

concentrations that may be relieved by emission of lattice

dislocations that interact with opposite GBs. Thus, GB

dislocations generally result from the interaction of lattice

dislocations with GBs or may be created directly in the

GBs [3, 4]. Both GB sliding and dislocation accommoda-

tion processes depend on the structure and chemistry of

GBs. Alumina creep properties may be strongly modified

by addition of dopants that most often present a low sol-

ubility limit and are thus segregated to GBs; for example,

yttrium reduces creep rate [5–7]. Direct evidence for

yttrium segregation on intergranular dislocation cores was

emphasized in bicrystals with the rhombohedral twin ori-

entation [8]. In fine-grained Y-doped alumina polycrystals,

the presence of numerous defects in most GBs after creep

strongly supports the role of dislocations during creep. The

reduced creep rate may be interpreted by a decrease in

dislocation mobility induced by yttrium segregation [2, 7].

The role of GB characteristics on sliding has been

directly investigated on bicrystals both in ceramic and

metallic materials.

A distinction has to be made between ‘‘pure’’ GB sliding

where no intragranular slip occurs and GB sliding which

involves interactions between lattice dislocations and GBs.

Pure GB sliding

In copper, low energy GBs show less resistance to sliding

[9]. In alumina tilt bicrystals, the highest resistance to

sliding occurs in GBs with the largest atomic density at

their cores [10]. The role of segregation in sliding is

emphasized on tilt bicrystals in alumina undoped or doped
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with yttrium: The GB sliding rate is decreased by two

orders of magnitude with yttrium addition [11]. This effect

is interpreted by an increase in ionicity of Al–O bonds

found from ab initio calculations [12]. Other calculations

show that segregation of large cations result in a large

increase in the GB sliding barrier due to the change in the

Al–O bonding at the GB core [13, 14]. However, experi-

mental sliding behaviour may be due to diffusional

accommodation; dislocations sources directly emitted in

the GBs may also play a role in sliding. [15, 16].

GB sliding and intragranular slip

There is extensive evidence that GB sliding is enhanced

when the adjoining crystals undergo slip. In zinc bicrystals,

sliding is drastically increased when lattice dislocations

interact with the GB [17–19]. GB sliding due to the motion

of GB dislocations introduced by decomposition of lattice

dislocations is also observed in ceramics [20].

Thus, the absorption of lattice dislocations appears as an

important elementary process.

The overall objective of our work on doped bicrystals is

to emphasize the mechanisms of interaction between lattice

dislocations and GBs, in particular, the accommodation

processes in relation with the bicrystal chemistry. The

applied stress is nearly perpendicular to the GB, so the

bicrystal should not exhibit GB sliding.

This article presents the first results obtained on a

bicrystal codoped with magnesium and yttrium as it was

the case for our previous polycrystalline fine-grained

samples. Magnesium has a low solubility in alumina [21]

and is segregated to GBs; its benefit role in promoting an

equiaxed microstructure is complex. Co-doping of mag-

nesium and silicon increases their mutual bulk solubilities,

thus impeding the formation of silicon rich glassy phase at

the GB and reducing GB mobility [22, 23]. Magnesium

also increases and homogenizes GB diffusion [24].

Work is in progress on the respective behaviour of

bicrystals doped with other elements; the role of GB seg-

regation in creep is beyond the scope of this article, merely

focussed on the GB defect crystallography.

The bicrystals are deformed by compression. Before

describing the creep experiments and transmission electron

microscopy (TEM) methods, the chosen orientation of

bicrystals in relation with the alumina plasticity behaviour

is presented. The Result and discussion section describes

the structural defects of the initial bicrystal. The main

deformation microstructural features are then analysed.

Conventional and high-resolution TEM (HRTEM) inves-

tigations allow us to propose GB deformation micro-

mechanisms in relation with the macroscopic deformation

behaviour.

Crystallographic parameters of bicrystals and creep

deformation

Plastic deformation of single-crystal Al2O3 has been of

interest for many years [25–31]. The two main slip systems

are basal slip 0001ð Þ1=3 2�1�10h i (Fig. 1), and prism plane

slip 11�20f g 10�10h i. Basal slip has the lowest critical

resolved shear stress at all temperatures above 700 �C,

although prism plane slip is preferred at low temperature

[28]. The temperature dependence of the CRSS for the two

systems has been recently interpreted on the basis of dis-

location glide controlled by a Peierls mechanism [29]. A

temperature of 1400 �C has been chosen for the experi-

ments on bicrystals. It is sufficiently high to promote GB/

dislocations interactions without the help of a hydrostatic

pressure, and it is sufficiently low to avoid a damage of

rams in the creep machine. Thus, basal slip should be

activated in our samples. However, for most orientations,

rhombohedral twinning can also occur, a shear stress of

15 MPa being sufficient to propagate a twin whatever the

temperature [30]. It is recalled that the GB is a rhombo-

hedral twin described by a common dense 01�12ð Þ plane

and a common 01�1�1½ � direction in the GB plane. The other

direction contained in the GB plane and perpendicular to

01�1�1½ � is 2�1�10½ � in one crystal parallel to �2110½ � in the other

crystal. Taking into account the small size of our bicrystals,

the applied stress could only be applied in a direction

perpendicular to one of the three sample faces: 2�1�10½ �,
01�1�1½ � and the irrational direction normal to the GB plane

01�12ð Þ. The only direction for the applied stress that avoids

twinning is the normal to the GB plane [31].

In this orientation, two basal slip systems have the same

Schmid factor for this orientation (Fig. 2), the basal planes

have a common trace in the GB plane (angle of 57.6� with

the GB plane), and the Burgers vectors make an angle

of ±30� with the normal to the GB: b~k ¼ 1
3

11�20½ �, or

b~k ¼ 1
3

�12�10½ �, in the upper crystal k, b~l ¼ 1
3

�1�120½ �, or b~l ¼
1
3

1�210½ � in the lower crystal l.

Fig. 1 Schema of perfect basal dislocations 1=3 2�1�10h i in the basal

plane. The prism plane dislocation 01�10½ � is also shown. (Large
circles: O, small circles: Al)
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Materials and methods

Bicrystals have been fabricated by diffusion bonding at the

Institute of Crystallography in Moscow. Doping elements

are deposited on single-crystal surface by pulsed laser

deposition. Joining is carried out at 1700 �C during 30 nm

under an applied stress of 50 MPa. [32]. Specimens for

creep experiments with dimensions of 2.5 9 2.5 9 5 mm3

were carefully polished with a tripod. Compressive tests

were carried out in air environment at a temperature of

1400 �C with stress varying up to 50 MPa. Compression

rams were made of sintered alumina bars coupled with

sapphire rods oriented along the c-axis. Temperature was

measured with two sets of B-type thermocouples located in

the furnace in the near vicinity of the specimens. Strains

during the creep tests were calculated from the displace-

ments of the ram ends measured using a linear transducer.

The first sample has been deformed up to 0.13%. Foil

thinning has been described previously [8].

Classical HRTEM images were recorded along the

2�1�10½ �1== �2110½ �2 zone axis with a Topcon ABT002 oper-

ated at 200 kV that exhibits a Scherzer point resolution of

1.8 Å.

The main structural parameters of the disconnections

have been determined on the HRTEM images by fitting

models based on the lattice sites of the alumina structure.

The dislocation Burgers vectors and step heights are

deduced from a circuit around the defect mapped in the

dichromatic pattern of the twin [33]. The structural models

are built using the Crystal Kit software written by Kilaas

[34].

Conventional 2-beam diffraction contrast analyses were

performed on a JEOL 2000EX (200 kV, W filament). The

basal plane is edge-on for the thin foil orientation, so the

determination of the lattice dislocations Burgers vectors

was challenging. A method based on the analysis of the

contrast symmetry has been used [35].

Results and discussion

Bicrystal before deformation

Undoped and doped a-alumina bicrystals with the rhom-

bohedral twin orientation present a same arrangement of

two periodic arrays of parallel dislocations with different

Burgers vectors that account for the tilt deviation (0.8�)

from the perfect twin orientation. No dislocation occurs

inside the grains. The defect distribution of the bicrystal is

shown in Fig. 3. The perfect twin structure is accurately

established [36–40]. It is centred on empty sites of alumina

and presents a 2-fold symmetry axis with a glide (screw

twin [36]) at the interface.

According to the topological approach [33], these

defects are merely defined as disconnections as they

present both a ‘‘step and dislocation’’ character. The two

disconnections have a mixed (screw/edge) dislocation

character; in part A of Fig. 3, adjacent defects exhibit

screw components of opposite sign to cancel stress fields

[41]. Extrinsic dislocations are also seen, so the GB is not

in perfect equilibrium state. Figure 4 shows a HRTEM

image of four disconnections with various Burgers vectors.

Figure 5 presents the bright field image of one discon-

nection [type (a) in Fig. 4)]. The twin plane is lower on the

right side of the disconnection. The Burgers vector is

identified as b~�3=�4. According to the terminology defined

in [42], the notation adopted for the Burgers vector is bp=q,

where p and q denote the step heights in units of the

spacing d of the 01�12ð Þ lattice planes in the upper and the

lower crystal. In Fig. 5, the disconnection steps down from

the left to the right and the step is three planes height in the

upper crystal and four planes height in the lower crystal.

The Burgers vector has a component perpendicular to the

Fig. 2 Symmetrical glide in a bicrystal. a Symmetrical movement of

dislocations. The glide directions in the basal planes (dotted lines) are

opposite. The Burgers vectors are inclined (±30�) on the projection.

(b~k ¼ 1=3 11�20½ � up, or b~k ¼ 1=3
�12�10½ � down, b~l ¼ 1=3

�1�120½ � up, or

b~l ¼ 1=3 1�210½ � down). b Burgers vectors balance at the GB

Fig. 3 Two-beams common g image of the rhombohedral twin in the

as-received doped bicrystal. Disconnections with strong and weak

contrast are alternately distributed in the part A of the GB. This

arrangement corresponds to the equilibrium GB structure of the

undoped bicrystal. The disconnections have Burgers vectors with

opposite component along the axis 2�1�10½ �. The doped bicrystal

displays a much more complex structure, as evidenced in Fig. 4
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GB plane (length 348 pm = d 01�12ð Þ), a component par-

allel to the zone axis 2�1�10½ �k (length 238 pm) and a small

component parallel to 01�1�1½ �k (length 70 pm for b~�3=�4

disconnection). The disconnection core image is blurred.

This can be a result of a slight inclination of the defect

along the projection axis, or of a preferred irradiation of the

core under the electron beam.

Other defects in Fig. 4 have the following Burgers

vectors: (b) disconnection b~2=1, (c) disconnection b~3=2, (d)

disconnection b~�3=�4. It is recalled that the disconnections

in the undoped bicrystal have the smallest Burgers vectors

of the twin, namely, b~�3=�4 and b~�4=�5. Disconnections

b~2=1 and b~3=2 should decompose into b~4=3 and one or two

b~1=1 [41].

This local distribution of disconnections corresponds to

an out of equilibrium structure compared to the situation in

the undoped bicrystal, as close dislocations show similar

screw component.

GB characteristics in the crept bicrystal

Main deformation features

The grains display evidence for basal slip deformation.

Isolated basal dislocations, dipoles, and strings of loops are

present after a deformation of 0.13% (Fig. 6). The dislo-

cation density is higher near the GB than in the other parts

of the thin foil, but no pile-ups occur.

The two basal slip systems have been activated in each

crystal. In Fig. 6b, the curved dislocation 1 of Fig. 6a has a

symmetrical contrast characteristic of g~ � b~¼ 0 in its

straight parts. The curved part is out of contrast. Other

dislocations 2 and 3 show a strong asymmetrical contrast.

Mainly 60� dislocations are encountered. Figure 7 shows

interactions between crystal dislocations and the GB.

The GB displays a fine periodic network of intrinsic

dislocations. Extrinsic dislocations are also visible. A

Fig. 4 Low magnification

HRTEM image of four

disconnections in the doped

bicrystal. Disconnections a and

d have descending steps,

disconnections b and

c ascending steps (see text)

Fig. 5 HRTEM image of a b~�3=�4 disconnection ((a) in Fig. 4) in the

doped bicrystal along the zone axis 2�1�10½ � in the upper crystal k. The

GB plane is 01�12ð Þk (d = 348 pm). The other dense plane is ð0�114Þk
(d = 255 pm). The white dots correspond to empty sites of the

structure. The alumina cell is centred on empty sites of the structure.

Between these white dots, the black contrast corresponds to two

aluminium columns and three oxygen columns. The models of the

perfect twin structure are superimposed to the image; only lattice sites

(in blue) appear in the model (Color figure online)

Fig. 6 Dislocations in the

grains near the GB: a Bright

field image showing basal

dislocations and loops in the

lower grain under the GB.

b Dark field image (the contrast

is reversed for better imaging of

defects). Dislocation 1 is out of

contrast in its curved part (along

dotted curve) and has a

symmetric contrast for straight

parts. Dislocations 2 and 3
present a strong asymmetrical

contrast
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lattice dislocation close to the GB is imaged in high reso-

lution on Fig. 8. The dislocation does not appear to be

dissociated, as expected for dislocations gliding in the basal

slip. Basal dislocations undergo diffusion-controlled climb

dissociation when their glide motion is stopped [43, 44].

Our result could arise from a decrease in cation diffusivity

or an increase in stacking fault energy due to magnesium

[27].

The HRTEM investigations on several thin foils reveal

that most disconnections have a b?1/-1 Burgers vector,

perpendicular to the GB and with a large length of 696 pm.

Numerous b~0=�2 are also found. They form an almost

perfect sub-boundary superimposed to the rhombohedral

twin, and the mean distance between the disconnections is

close to 9 nm, in agreement with the measured tilt devia-

tion angle of 4.4�. The successive disconnections near and

in the analysed area shown in Fig. 9 have the following

Burgers vectors, reported in the dichromatic pattern of the

twin Fig. 10:

b~0=�2; b~þ1=�1; b~þ1=�1; b~þ1=�1; b~þ1=�1;

b~�2=�5; b~�1=�3; b~0=�2; b~þ1=�1; b~0=�2;

Shown in Fig. 9

b~0=�2; b~þ1=�1; b~0=�2; b~þ1=�1:

It is seen that the disconnections are dissociated (Fig. 11).

The GB part between the two 01�12ð Þ inserted planes cor-

responds to a structure centred on oxygen ions, rather than

on empty sites of the alumina structure. It is called S(O) in

[39] and has a high energy. However, the disconnection

energy should be decreased by dissociation. Due to the

large Burgers vector length (696 pm), six anion planes are

inserted and should terminate on a same 01�12ð Þ plane, a

rather unlikely configuration. Dissociation here requires

climb of the partials. It is worth noting that dissociation

occurs in low angle GBs in alumina [45], and also for

b~�3=�4 and b~�4=�5 in the rhombohedral twin [41].

GB disconnection interactions with lattice dislocations

It is assumed that the two crystals are deformed symmet-

rically with the GB. The situation is schematically repre-

sented in Fig. 2. In that case, the specimen compression

originates from one dislocation in each grain moving

Fig. 7 a Bright field image, left
crystal contains dislocation

dipoles and strings of loops.

Dislocations close to the GB are

arrowed. b Dark field image

(reversed contrast) showing an

interaction between a lattice

dislocation and the GB. The

intrinsic disconnection network

is visible, as well as extrinsic

defects

Fig. 8 HRTEM image of a lattice dislocation near the GB

Fig. 9 HRTEM image of the

deformed bicrystal after creep

deformation showing five

disconnections with various

Burgers vectors
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towards the GB. In the other case, one dislocation moves

across the GB. In both cases, the final homogeneous

deformation of the bicrystal leads to a wall edge disloca-

tions added to the initial GB [46] (Fig. 2b). The situation is

complicated by the fact that two slip systems are activated.

The two sets of dislocations for both configurations are the

following (Fig. 10):

b~k ¼
1

3
11�20½ � upð Þ; b~l ¼

1

3
1�210½ � downð Þ

b~k ¼
1

3
�12�10½ �ðdownÞ; b~l ¼

1

3
�1�120½ � upð Þ:

The characters ‘‘up’’ and ‘‘down’’ correspond to the sense

of the Burgers vectors along the axis 2�1�10½ �k.

The sum of the two lattice vectors b~k and b~l gives the

b~þ1=�1 GB vector.4

The possible mechanisms of interaction are as follows:

Interaction of a lattice dislocation and a GB disconnec-

tion The example of the reaction between b~�3=�4 and

b~k ¼ 1
3

�12�10½ � is analysed. On the dichromatic pattern of

Fig. 10, the reaction leads to a b~�2=�4 Burgers vector that

may decompose into a b~0=�2 (observed) and two b~�1=�1

that are glissile (shear vector of the twin, length 70 pm).

The b~0=�2 may then decompose into b~þ1=�1 and b~�1=�1

Burgers vectors. The case of the formation of the b~�2=�5 is

interesting, as it results from the reaction between a b~�3=�4

and 2 dislocations in each crystal. This implies that the two

slip systems correspond in the two grains and consequently

dislocations of one and the other grain arrive in the same

area of the GB, as already observed in other materials [28].

Decomposition of a lattice dislocation into GB discon-

nections Possible decomposition of lattice dislocations in

GB disconnections are shown in Fig. 12: For example,

b~l ¼ 1
3

1�210½ � decomposes into b~�3=�4 and three -b~�1=�1

disconnections. The products b~�1=�1 and b~1=1are glissile

Fig. 10 Dichromatic pattern of the rhombohedral twin. The symbols

correspond to lattice sites. White symbols correspond to the crystal k,

black symbols to the crystal l. Small symbols correspond to positions

at z = 1/2. Disconnection Burgers vectors of Fig. 9 are reported. The

couple of possible dislocations Burgers vectors according to the

symmetrical glide in the bicrystal are figured in the top of the pattern.

The reaction between b~�3=�4 and b~k ¼ 1
3

�12�10½ � leads to a b~�2=�4

Burgers vector, which decomposes into glissile dislocations and a

bþ1=�1 dislocation (see text). The observed b~�2=�5 results from the

interaction of a b~�3=�4 with two perfect dislocations from the k and l
crystals (See GB disconnection interactions with lattice dislocations)

Fig. 11 a HRTEM image of

two disconnections i (b~þ1=�1)

and j (b~0=�2). In the structural

models, blue dots correspond to

empty sites of alumina.

b geometrical phase: Local

y component of g~ð01�12Þ
showing a dissociation width

of 2–3 nm (Color figure online)
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and can annihilate. The Burgers vectors b~�3=�4 and b~4=3 are

chosen because they are the smallest Burgers vectors of the

twin with a component out of the GB plane. Their screw

components have opposite signs. They may interact by

climb, the result of the interaction is b~þ1=�1.

A transmission of glide through the GB is unlikely, the

b~þ1=�1 being very large. Moreover, it requires very high

stresses to operate [47, 48]. An indirect transmission,

implying absorption of lattice dislocations from one crystal

followed by reaction within the GB and emission of lattice

dislocations in the other crystal could occur. The trans-

mission process efficiency depends on the mobility of GB

disconnections. However, the presence of numerous dis-

locations in both grains close to the GB shows that the GB

merely plays a role of obstacle for incoming dislocations.

If the bicrystal orientation was such that slip in one crystal

is favoured, the number of glissile disconnections in one sense

should be higher and promote GB sliding. In zinc, sliding is

promoted by the interaction of lattice dislocations with the GB

[18]. Sliding behaviour analysed at a mesoscopic scale is

interpreted by the decomposition of lattice dislocations into

sessile dislocations with zero step height and glissile dislo-

cations with a minimal step height [19]. These processes

depend on GB chemistry. Then, the next objective will be to

investigate the effect of GB segregation on interaction

mechanisms between lattice dislocations and GBs.

Conclusion

Two basal slip systems are activated during creep of

bicrystals near the rhombohedral twin orientation. Basal

dislocations interact with the GB leading to an increase in

the deviation angle by 3.6�. The GB disconnection struc-

ture changes from an arrangement of two parallel arrays of

disconnections with the smallest Burgers vectors but large

associated steps to a parallel array of pure edge discon-

nections with a large Burgers vector without step. These

defects appear always dissociated. They can result from

reactions with GB disconnection or decomposition reac-

tions of lattice dislocations within the GBs. In both cases,

glissile disconnections eliminate themselves due to the

symmetric orientation of the bicrystal with respect to slip

systems in both crystals.
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