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Basal slip (0001)1/3<1120> dislocation in sapphire (e~ ALOs) single crystals
Part 1 :recombination motion
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Abstract The recombination motion of partial dislocations on basal slip (0001)1/3<1120> in sapphire (e Al,Os) sin-
gle crystals was investigated using the four-point bending test with the prism plane (1120) samples. These bending
experiments were carried out in the temperature range from 1200 to 1400 at various engineering stresses 90MPa,
120MPa, and 150MPa. During these tests it was shown that an incubation time was needed for basal slip to be
activated. The activation energy for the incubation time was 5.6-6.0eV in the temperature range from 1200C to 1400
. The incubation time is believed to be related to recombination of climb dissociated partial dislocations via self-
climb. In addition, these activation energies are nearly same as those for oxygen self-diffusion in ALOs (approximately
6.3 eV). Thus, the recombination of the two partial dislocations would be possibly controlled by oxygen diffusion on the

stacking fault between the partials.
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1. Introduction

Basal slip in sapphire single crystals is the easy slip
system at elevated temperatures.'~® The stress-strain
curve of a sapphire single crystals deformed by basal
slip includes an elastic region, distinct upper and lower
yield points and a significant work-hardening region.*”®
Firestone and Heuer® showed that the presence of and
the magnitude of the initial yield drop in sapphire un-
dergoing basal slip depends on the initial density of mo-
bile dislocation sources. And also Conrad et al.” sug-
gested that the yield point in sapphire could be de-
scribed in terms of a dislocation multiplication mecha-
nism based on the motion of dislocation through the lat-
tice rather than the tearing of dislocations from a pin-
ning atmosphere. This mechanism is similar to that sug-

gested by Johnston and Gilman'® for LiFF and by Con-
rad"V and Hahn'® for LiF and BCC metals. Further-
more, Pletka et al.’® and Lagerlof et al.'* explained the
stress—strain curve in sapphire single crystals on the
basis of dislocation motions, which are based on the in-
teraction between mobile dislocations and stationary
dislocation debris such as edge-trapped dipoles and
prismatic dislocation loops.

After self-climb, the equilibrium separation distance
{(~7nm) between two partial dislocations has been
measured using TEM (Transmission Electron Microsco-
py).'® and the distance (~8nm) was estimated by com-
puter simulation.'® However, no detailed discussion of
how the two partials may recombine after self-climb to
resume its motion on the glide plane has been carried
out. Therefore, the aim of the present paper is to ana-

- 278 —



+ 4 9

lyze the behavior of the basal dislocations (e.g. how the
two partials recombine) using 4-point bending test.

2. Experiment & procedure

High~purity ingots of Czochralski-grown undoped
sapphire single crystals (Union Carbide Co.) with very
low grown-in dislocation densities {<10%m™? were
used for this study. Specimens (25x3x1.5mm?) suitable
for 4-point bending were oriented using the Laue back
-reflection X~-ray techniques and cut using a Bueher
isomet diamond saw. Specimen had face parallel to (11
20) with the long axis of the 4~point sample parallel to
{88051 as shown in Fig.l. Four sides of the specimen
were polished using 30um, 15/m, and 3um diamond
pastes, down to 1gm and syton {the colloidal silica} as a
final step.

Dislocations were introduced on the sample faces
using a Vickers diamond indentor mounted in a hot
hardness tester (Model QM, Nikon, Inc.) and an atmo-
sphere of 107° torr vacuum with 0.5N load using a
dwell time of 15sec at 1000C. An array of indents was
made on both the tensile and compressive faces of the
four-point bend sample. To reveal the dislocation sub-
structure around the indentation site the indented sur-
faces were etched in saturated solution of KOH be-
tween 380 and 400°C for 10-15 min.

After indentation, the 4-point bend sample was sub-
Jected to a static load in the Ar atmosphere in material
testing machine {MTS System Co.) using bending jigs
made from high quality sintered SiC. The temperature
was controlled using a thermocouple mounted near the
sample and was maintained constant within +2C. Dur-
ing 4-point bending the applied shear stress was calcu-
lated using the equation given by Timosenko'® for
beams in 4-point bending, the outer fiber stress (o) is
given by

_ 3P(L-]

a 2wht )

where Pis the applied load, w is the specimen width, %
is the specimen thickness, I is the separation of the
outer supports and / is the separation of the inner sup-
ports.

3. Results and discussion

In Fig.2 the bending displacerent rate as a function
of time was observed at constant shear stress
(120MPa). Of interest, as shown by Fig.2, is the fact
that an incubation time was needed before the bending
displacement {(a macroscopic plasticity) occurred. Dur-
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Fig. 1. Orientation of specimen for bending displacement exper-
iments.
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Fig. 2. Typical bending displacement graph as a function of
lpading time at given conditions: {a) 90MPa applied stress at
1200°C and (b) 90MPa applied stress at 1350C.

ing the experiments at different temperatures, it was
shown that the incubation time decreased with increas-
ing temperature. In particularly, there was no (or very
short) incubation time at 1400°C. In order to under-
stand the effect of stress on the incubation time,
additional bending deformation tests were carried out
at two different stresses (30 MPa and 150 MPa,
respectively) at three different temperatures, 1200,
1300, and 1350°C, respectively. The results are shown
in Table 1.

During the bending displacement experiments, an in-
cubation time was needed to activate. This is believed
to be due to the fact that the basal plane has high stack-
ing fault energy (~2.1 J/m% in comparison with the
prism plane (~0.17 J/m% ./*'¥ In order to cormbine the
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Table 1. The incubation time during the bending displacement experiments at different temperatures and stresses.

1200C 1250°C 1300C 1350C
5560 sec 215 sec 102 sec
0 MP:
% MPa (5060-6060) (180-250) (90-115)
4700 sec 450 sec 145 sec 75 sec
120 MP
a (4400-5000) (300-600) (140-150) (50-100)
3030 sec 105 sec 45 sec
150 MP
e (3000-3060) (100-110) (40-50)
- two partial dislocations is given by
(1210) .
$ 2 TE=ntn (2)
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Fig. 3. Schematic diagrams after self-climb dissociated partials
on basal slip dislocation. 1;edage dislocation, 2;screw dislocation,
stacking fault energy:7.=2.1 J/m? y,=0.17 J/m?, respectively.
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Fig. 4. Schematic diagram of vacancy concentration between
two edge dislocations.

two partial dislocations as shown in Fig.3, one or both
partial dislocations need to move (climb).

The force balance must be considered in order to un-
derstand how the two partial dislocations can recom-
bine (Fig.3). The equilibrium force balance between

where 7, is the shear stress promoting recombination.
Assuming constant stacking fault energy of 0.2 J/m? '
and the interaction force (F,/L) calculated from the
Peach-Kehler equation®, the external stress needed to
combine two partial dislocations is around 56 GPa. This
value exceeds the stress needed to climb dissociation to
fracture sapphire before the onset of deformation.
Thus, based on the above calculation, recombination of
partial dislocations would never occur. However, the
model does not take into account the fact that climb-
dissociation via self-climb require localized transport of
vacancies (and/or interstitial) against its concentra-
tion gradient. This will affect the localized force bal-
ance by the introduction of a chemical force related to
the activity of the point defects required for the recom-
bination of the partial dislocations.

To address this problem, a chemical force due to local
vacancy concentration gradient around the dislocation
was examined, following the method developed by
Bullough and Newman.?” The vacancy concentration
near the dislocation (Fig.4) is represented by the equa-
tion (3).

= _@(7_»9_)-]
C= C.,exp[- 5T (3)
where C is the vacancy concentration around the dislo-
cation at the angle & and distance . The total disloca-
tion/vacancy interaction energy {®{(7,0)} is given by

_ _Bsind  a PLsin’g
(7.0 ” 7 7 (4)

5Gby? f= Gb(1+v)
7(1-v) (7-Bv )’ 3r(1-v)

_ G¥y (1+6v-5Y) -~ . :
P == 0 7-Ev , G is the shear modulus, b is

the Burgers vector, 7, is the radius of vacancy, v is

where ¢ =

Poissons ratio, and v, is the vacancy volume. The va-
cancy concentration at the points shown as I and .II,
respectively, can be calculated by the equations (3) and
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Table 2. Given parameters for calculating the chemical
force in sapphire single crystals.

G (Shear modulus) 160 GPa
b (Burger’s vector) 2.74A

v (Poisson’s ratio) 0.23

v, (atomic volume) 2.32x10"*m?
7.(vacancy radius) 0.65A

Force [N/m]

—a— interaction force
—e— chemical force
—a— total force

L 1 I 2
0 10 20 30 40 50

Distance [Al

Fig. 5. Graph showing the total force as a function of dis-
tance with the interaction force and chemical force due to
the vacancy concentration gradient.

10 L T T T 1 T v T
| I
L ]
 §
F - x
[
—_— A
Q
[l
K
S = 90 MPa
e 120MPa
A 150 MPa
L n 1 1 n 1 i

1 N L i
0.81 0.82 0.63 0.64 0.65 0.68 067 0.88

1000/T I’K™

Fig. 6. Incubation time as a function of temperature during
bending displacement experiment at different stresses.

(4). Due to local concentration gradient between I and
II, the chemical force®™ is derived as shown in the eq.
5):
f_ 0,r G 0 - __3_[2190]
L = aylen = len (Cl Cz) =

) or arL v )
(5)

On the basis of the eq.(5) and the parameters (see
Table 2), the chemical force which is applied to the two
partial dislocations as a function of the distance can be
developed as follows:

F._ 1185

Thus, the total interaction force between the parfial
dislocations would be given by equation (7).

anm:%‘l' 7yt Ty'*'% (D

At given stacking fault energy (»,) and applied
shear stress (r,), the total force between two partial
dislocations as a function of the distance is shown in
the Fig.5. As shown in Fig.5, the total force is repulsive
in the range between around 16 A and 40A. However,
for distances less than 15A, the total interaction force
is attractive which would counteract climb dissociation.
In fact, consideration of the total force between the two
partials suggest that dissociation must be nucleated
after which the repulsive interaction force will separate
the partials to their equilibrium separation distance.
Since the climb dissociation must nucleate and grow,
two possible configurations exist; one partial climb up
and one partial climb down, and vice versa. Thus, since
one partial may climb up along part of the dissociation
and climb down along another part of the dislocation, a
node at which the partial moves from “up” to “down”
will form. The presence of such nodes has been ob-
served in TEM.?

Now consider the temperature dependence of the in-
cubation time. The values of log (incubation time) plot-
ted against (1/T) are shown in Fig.6. The respective
stresses at which the measurements were made are also
indicated. At constant stress the incubation time as a

function of temperature obeys the relation [equation
81,

t= t,,exp[}g?—‘] (8)

where ¢, is a constant and U is the activation energy
for the incubation time. The activation energies (U))
were obtained from the slope of the least square curve
fit through the data points with equation (8). The val-
ues can be estimated to be in the range between 5.6 and
6.0eV at different applied stresses 90, 120, 150MPa.
These activation energies are nearly same as that for
oxygen self-diffusion in AlO; (~6.3eV).” On the
basis of these results, during the bending displacement
experiments, an incubation time was needed to activate
dislocation multiplication sources. These sources are be-
lieved to be related to the recombination of climb disso-
ciated stationary partial basal dislocations. Thus, the re-
combination of the two partial dislocations would be
possibly controlled by oxygen diffusion on the stacking
fault between the partials.
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4. Conclusions

Throughout the four-point bending test with the
prism plane (1120) samples, it was observed that an in-
cubation time was needed for basal slip to be activated.
The incubation time is believed to be related to recom-
bination of climb dissociated partial dislocations via self
-climb. The activation energy for the incubation time
was 5.6-6.0 eV in the temperature range from 1200C
to 1400C at different applied stresses 90, 120,
150MPa, suggesting that it would be controlled by oxy-
gen vacancy diffusion on the stacking fault between
the climb dissociated partials.
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