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Part I: Dislocation velocity
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Abstract The basal slip (0001)1/ 3<1120> dislocation velocity in sapphire (@ ALOs) single crystals was measured by
four-point bending test. The bending experiment was carried out in the temperature range from 1200°C to 1400C at
various engineering stresses 90MPa, 120MPa, and 150MPa. The velocity of such dislocations was estimated from the
bending displacement rate of the four-point bend sample. The dependence of temperature and stress in dislocation ve-
locity was investigated. The activation energy for dislocation velocity was determined to be about 2.2+ 0.4eV. In
addition, the stress exponent (m) describing the stress dependence of dislocation velocities was in the range of 2.0 +0.2.
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1. Introduction

Sapphire has thermodynamic stability and relatively
high melting point so that makes it a promising candi-
date for use as a structural material in oxidizing envi-
ronment, and for single crystal fiber reinforcements in
advanced composite ceramics. The mechanical proper-
ties of sapphire (@-Al: 03 single crystals have been
studied extensively after Kronberg" predicted that slip
and twinning to be important modes of plastic deforma-
tion mechanism of sapphire at elevated temperatures.
A number of investigators®™'® have determined the pri-
mary slip systems at high temperatures®®, work-
hardening and dynamic recovery®*®, and creep.'®

In recent years, microhardness studies, which has
been shown to be useful to investigate the deformation
behavior of brittle materials, have been used to study
the micro-plastic behavior around microhardness in-
dents at room temperature'"'? and at high tempera-
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tures.'*'¥ It has been shown that dislocation plasticity

can occur even at roon temperature and that the slip
systems varied with temperature.

It is generally accepted the dislocation velocity and
density of mobile dislocations are important parameters
describing plastic deformation in crystalline solids.
Johnston and Gilman'® first measured the dislocation
velocity in lithium fluoride (LiF) single crystals to un-
derstand details of the micromechanism of plasticity.
Since then, the dislocation velocity under different con-
ditions has been studied in metals, ionic crystals, and
semiconductors [see Nadgonyi review book'”]. Howev-
er, because of the difficult experimental conditions re-
quired for dislocation velocity measurements in ceram-
ics (the need for high stresses and high temperature)
the measurements of the dislocation velocity in single
crystals of structural ceramics are very limited.'*'®

To understand the microscopic aspects of the plastic
deformation in sapphire single crystals, it is of funda-
mental interest to measure the dislocation velocity as a
function of temperature and resolved shear stress.
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Therefore, the aim of the present paper is to investigate
the basal slip dislocation velocity using the 4-point
bending test in the temeprature range from 1200°C to
90MPa,

1400°C at various engineering stresses

120MPa, and 150MPa.
2. Experimental 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? suit-
able for 4-point bending were oriented using the Laue
back-reflection X-ray techniques and cut using a
Bueher isomet diamond saw. One sample (Type A) had
face parallel to (1123) with the long axis of the 4-point
sample parallel to [2111] . The other sample (Type B)
had one face parallel to (1120) with the long axis of the
4-point sample parallel to [8805] as shown in Fig. 1.
Four sides of the specimen were polished using 30um,
154m, and 3uan diamond pastes, down to 14#m and
syton (the colloidal silica) as a final step.

(1120) and
(1123) respective sample faces using a Vickers dia-

Dislocations were introduced on the

mond indentor mounted in a hot hardness tester (Model
QM, Nikon, Inc.) and an atmosphere of 107° torr vacu-
um with 0.5N load using a dwell time of 15sec at 1000
C. An array of indents was made on both the tensile
and compressive faces of the four-point bend sample.
To reveal the dislocation substructure around the inden-
tation site the indented surfaces were etched in saturat-
ed solution of KOH between 380°C and 400C for 10-
15 min.

After indentation, the 4-point bend sample was sub-
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Fig. L. Specimen orientation for measuring the basal slip dislo-
cation velocity : {a) type A (1123) plane and (b) type B (1120).

Fig. 2. Optical micrograph of etched pattern on the type A
(1123) sample surface after indentation (R : rhombohedral twin-
ning, B : basal slip dislocation).

Jjected 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.

3. Results and discussion

3.1 Indented structures

3.1.1 (1123) specimen

As can be seen in Fig. 2, basal plane dislocations
were generated in the vicinity of indentations on the
(1123) surface at elevated temperatures around an in-
dent (10007, 0.5N,and 15sec). The indented substruc-
ture is quite complex in that they contain deformation
twins (rhombohedral twins) as well as the basal slip dis-
locations. However, the type A specimen fractured
prior to plastic deformation during 4-point bending.
The reason for this can be explained assuming self-
climb dissociation of stationary basal slip dislocation.
As can be seen in Fig. 3, basal slip dislocations have
been shown to dissociate by self-climb. This is believed
to be due to the fact that the basal plane has high stack-
ing fault energy (~2.1J/m?% in comparison with the
prism plane (~0.2J/m?.*# In order to combine the
two partial dislocations as shown in Fig. 3, one or both
partial dislocations need to move (climb). However, one
of the partial dislocations on the prism plane has a very
low Schmid factor (~0.24) [see Table 1]. Thus, the
samples fractured before the partial dislocations could
recombine to from a glissile basal dislocation. As a
result, the type A specimens were not appropriate for
measurements of the basal slip dislocation velocity.

3.1.2. (1120) specimen

The etched structure around an indent on a
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Table 1. Calculated Schmid- facto_rs on the (1123) plane
sample and the loading direction [2111].
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Table 2. Calculated Schmid-factors on the (1120) plane
sample and the loading direction [88051.

Slip plane Slip direction m(Schmid factor) Slip plane Slip direction m(Schmid factor)
(0001) 1/3[2110] 0.5 (0001) 1/3[2110] 0.43
(0001) 1/3[1210] 0.25 (0001) 1/3[1210] 0.43
(0001) 1/3[1120] 0.25 (0001) 1/3[1120] 0.25

On palt_ials _ _ On pgrtials _ _
1/3[2110] 1/3 [1100]+1/3 [1010] 1/3[2110] 1/3[1100]+1/3 [1010]
Dissociation plane Partials m(Schmid factor) Dissociation plane Partials m(Schmid factor)
(2110) 1/3[1010] 0.24 (2110) 1/3[1010] 0.22
1/3[1100] 0.24 1/3[1100] 0.44
1/3[0110] 0 1/3[0110] 0.22
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Fig. 3. Schematic diagram of two dislocations after self-climb
dissociated partials on basal slip dislocation. 1 : edge dislocation,
2 - screw dislocation, stacking fault energy : 7.=2.1J/m? 7,=0.
17]/m? : respectively.

Fig. 4. Optical micrograph of etched pattern on the type B
(1120) sample surface after indentation(R : rhombohedral twin-
ning, B : basal slip dislocation).

(1120 plane surface made at elevated temperature
(1000°7C, 05N and 15sec) is shown in Fig. 4. The in-
dented structure show the presence of deformation
twins (rhombohedral twin) as well as basal slip disloca-
tions similar to the deformation substructure observed
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Fig. 5. Typical bending displacement on the type B(1120) sam-
ple as a function of loading time at given conditions : 90MPa ap-
plied stress at 1350C.

in (1123) plane specimens. However, the type B speci-
men could be deformed during 4-point bending even
though the basal dislocations may have been dissociated
via self-climb. This is because the Schmid factor for a
partial dislocation on prism plane (~0.43) is higher
than in case of the type A (1123) samples (~0.24)
[see Table 2]. Thus, during the application of a stress,
the basal plane dislocation can recombine prior to frac-
ture, and (1120) samples proved to be suitable for bend-
ing displacement experiments to estimate of the basal
slip dislocation velocity.

3.2 Bending displacement as a function of tempera-

ture and stress

As mentioned above, the(1120) type specimen was
used for bending displacement test for estimating the
basal slip dislocation velocity. Fig. 5 shows the typical
bending displacement rate as a function of time at con-
stant shear stress (120MPa). The applied stress was
calculated using the equation given by Timosenko®™ for
beams in 4-point bending, the outer fiber stress (o) is
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Table 3. The strain rate determined by the bending displacement rate experiments at various temperatures and stresses.

Applied stress 1200C 1250C 1300C 1350C 1400C
90MPa j(:) igggé(z)s :t%.(z)lt)zlz i%%lo‘izs
120MPa f 698322 :3 6938(2)7 :i:%.(:)30227 i%.oo%zl io 61.5?3
150MPe Lo00m roo Coon
given by
o= ____31’2(101;1—21) (1)

where P is the applied load, w is the specimen width,
h is the specimen thickness, L is the separation of the
outer supports and [ is the separation of the inner sup-
ports. Of interest, as shown by Fig. 5, is the fact that an
incubation time was needed before the bending displace-
ment (a macroscopic plasticity) occurred. During the
experiments at different temperatures, it was shown
that the incubation time decreased with increasing tem-
perature. In particularly, there was no (or very short)
incubation time at 1400°C. In addition, the bending dis-
placement rates were increased as the temperature in-
creased.

3.3. Dislocation velocity

The dislocation velocity is related to the macroscopic
strain rate through the Orowan equation

de/dt=pbV 2)

where de/dt is the strain rate, o is the density of mobile
dislocation, & is the magnitude of the Burger's vector
and V is the average dislocation velocity. The disloca-
tion density and strain rate should be obtained in order
to calculate the dislocation velocity. First of all, the
strain rate (de/dt) can be calculated from the bending
displacement rate (d8/dt) as the following relationship
which is given by®

D _nl (3)
where A is a constant which includes the specimen
thickness and Young’ modulus. The strain rate at vari-
ous temperatures and stresses are shown in Table 3.

On the other hand, to estimate an average dislocation
velocity from the strain rate using the Orowan
equation®, the dislocation density must also be known.
Thus, the dislocation density was measured using TEM

Fig. 6. TEM micrographs [weak beam dark field image g=
(03301 for measuring the dislocation density at different tem-
peratures : (a) 1200 and (b) 1250C.

micrographs of the deformed samples. The TEM images
were taken from representative regions of each speci-
men, with the majority of the dislocations clearly
resolvable as shown in Fig. 6. A cross—grid of lines was
then drawn on each micrograph. The total projected
length of dislocations was derived from the number of
intercepts with the two sets of parallel lines, using the
expression derived by Smith and Guttman?® The
average dislocation density, 0, was calculated by the
following equation:

o= [(n/L)) + (no/L) ] /1 (4)

where 7, and n, are the average number of intersec
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Fig. 7. Temperarture dependence of basal slip dislocation veloc-
ity at different applied stresses.
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Fig. 8. Stress dependence of basal slip dislocation velocity at
various temperatures.

tions of dislocation lines with the two sets of grid lines,
L, and L, are the total lengths of the two sets of grid
lines, t is the thickness of the foil. Using experimentally
obtained strain rate and dislocation density, the disloca-
tion velocity was calculated as a function of tempera-
ture at different stresses.

To obtain the activation energy, the values of log (ve-
locity) plotted against (1/T) are shown in Fig. 7. The
respective stresses at which the measurements were
made are also indicated. At constant stress the disloca-
tion velocity as a function of temperature obeys the re-
lation in equation (5),

V=V, exp [-?UT] (5)

where Vi is a function of stress, & is the Boltzmann
constant, and U is the activation energy for the basal
slip dislocation velocity. The activation energies (I)
were obtained from the slope of the least square curve
fit through the data points with equation (5). In our ex-
perimental temperature range, the activation energy

D Abghol o) (- ALOs) FA e ¢lo} basal slip (0001) 1/3--- 225

can be estimated to be 2.2 £0.4eV in the range of tem-
perature from 1200 to 1400°C. These values are lower
than the activation energy for prism plane slip disloca-
tion (3.8+£0.2eV).”™ Therefore, basal slip has a lower
thermal activation energy than prism plane slip in the
experimental temperature (1200-1400°C), which is
consistent with the fact that basal slip is the easy slip
system above 700°C.*

In order to estimate the stress dependence on the dis-
location velocity, the bending experiments were carried
out in the range 60MPa, 120MPa and 1560MPa at dif-
ferent temperatures (1200°C, 1300°C and 1350°C). The
results are shown in Fig.8. These results appear silimar
to those of Johnston and Gilman'?, in that the loga-
rithm of velocity varies linearly with the logarithm of
the applied stress. The relationship between velocity
and stress shown in Fig.8 can be written in the form:

va[—T’—u]m ®)

where A is constant, m is the stress exponent, and 7, is
a reference stress for dimensional correctness. The val-
ues of stress exponent (m) was determined to be 2.0
0.2.

4. Condusions

The basal slip dislocation velocity in sapphire single
crystals was measured by 4-point bending experiment.
Under optimum conditions, it is suggested that the
basal slip dislocation velocity could be measured using
the bending on prism plane specimen. An incubation
time was needed for the basal slip dislocations to glide.
The activation energy for basal slip dislocation velocity
was around 2.2+0.4eV in the range of temperature
from 1200 to 1400°C. The stress exponent (m) for basal
slip dislocation velocities was 2.0 £0.2.
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