JOURNAL OF MATERIALS SCIENCE 17 (1982) 1977-1987

Dynamics of flow of ¢-axis sapphire
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The deformation dynamics in uniaxial tension of c-axis sapphire were investigated at
temperatures from 1600 to 1850° C in constant strain-rate tests from 0.00007 min~! to
0.0036 min~!. The activation parameters are consistent with thermally-activated over-
coming of the Peierls barrier as the rate-controlling process for flow. From SEM, TEM,
and HVTEM examinations of deformed specimens it is deduced that the active slip plane
is of the {4 2 2 3}-type. The dislocation structure suggests that the {0 T 1 0) directions are

the most likely slip directions.

1. Introduction

General plasticity of polycrystalline alumina can
only take place when five independent slip systems
are operative. Alumina, which is rhombohedral
and highly anisotropic, deforms easily by basal
slip, secondarily by prismatic slip, and with more
difficulty on pyramidal plane(s). It is necessary to
activate a pyramidal slip system to attain general
plasticity since only four independent systems are
available by basal and prismatic slip.

The extreme difficulty of initiating slip in c-
axis of 0° sapphire was first noted in creep tests
above 1600° C [1]. Subsequently, several macro-
scopic slip systems have been suggested by séveral
investigators [2-4] from a variety of techniques,
including etch-pit studies, TEM analysis and
macroscopic slip traces. The {1011} 1/3¢(1011)
has been the most frequently referenced, but slip
on the {1072} and {2243} planes has also been
suggested.

The ratecontrolling mechanism for plastic
deformation via pyramidal slip has not been
convincingly determined. Heuer efal [5] and
Firestone and Heuer [6] proposed pure Nabarro
climb deformation for 0° Czochralski-grown
sapphire deformed from 1600 to 1800°C in
tensile creep experiments at relatively low stresses

(70 to 114 MNm™2) and low strain rates (1078 to
107% sec™). They based their conclusion on
determination of a stress exponent, n of value
three from a relation of the form éo¢”, where
¢ is the strain rate and o is the stress, and a fit of
the apparent oxygen diffusion coefficients calcu-
lated assuming a Nabarro-climb mechanism.

Gooch and Groves [3] conducted tensile creep
tests above 1600° C (¢ and o of 107® sec™® and
180 to 65MNm™, respectivel};) on c-axis Tyco
filaments (which contain microvoids of size about
one micrometre) and found a stress exponent, n,
of about six. They also found activation enthalpies
with a marked stress dependence but did not
speculate as to a rate-controlling mechanism.

Tressler and Barber [4] performed differential
temperature and differential strain-rate tests on
c-axis Tyco filaments and found a powerlaw
dependence, with »n values increasing from 8.5 to
1775°C to 12.4 to 1875° C. They also found a
zero-stress activation enthalpy of approximately
80kcalmol ™.

Michael and Tressler [7] performed differential
temperature and differential strain-rate tensile
tests in the limited temperature range 1800 to
1850° C on pore-free c-axis filaments grown by the
laser-heated floating-zone technique [8]. They
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concluded that the most probable rate-controlling
mechanism was the thermally-activated over-
coming of the Peierls—Nabarro stress, based on
the analysis of calculated activation parameters.

The purpose of this study was to perform
deformation experiments on the virtually defect-
free c-axis rods (grown by Haggerty [8]) over a
wide range of temperatures and strain rates using
differential temperature and differential strain-rate
tests to define the apparent activation parameters
for deformation of sapphire via the pyramidal slip
system(s) more exhaustively than had previously
been the case. From these results and TEM obser-
vations of the deformation substructure it was
expected that a better assessment of the rate-
controlling mechanism(s) for plastic deformation
and more definitive identification of the operative
slip system(s) could be made.

2. Experimental procedure
2.1. Material
Filaments used in this study were grown from a
commercially-available sapphire boule by the
crucibleless laser-heated floating-zone technique
[8]. The single-crystal filaments were mechanically
pulled at very slow rates using an oriented seed
crystal to start the single crystal in the desired
direction. Precise temperature control and pulling
rate permitted control of the crystal dimensions.
Filaments were grown with crystallographic
c-axis parallel to the filament axis. The filaments
were nearly cylindrical, except for slight facetting
on the prism planes, (see Fig. la). As-received
crystals were approximately 20cm long and
0.025mm? in cross-section. Sample cross-sections
were measured individually at 5mm intervals
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along the hot-zone segment at 0°, 60°, and 120°
rotations about the filament axis using a petro-
graphic microscope with a calibrated eye-piece
micrometer. The cross-sections for each rotation
typically did not vary more than 0.3 mm along the
7cm hotzone length. An average of the three
cross-section measurements was used to calculate
a cross-sectional area estimated as a circle. The
estimated error was less than 3% using micrographs
of actual sample cross-sections (Fig. 1b) and an
integrating planimeter to determine the actual
area.

2.2, Testing procedure and equipment
Filaments were mounted in a stainless-steel hypo-
dermic needle, as shown in Fig. 2. Each filament-
end was slipped through a hypodermic needle
casing and beaded in an oxygen-rich flame. The
bead was then seated in the needle casing.

The mounted samples were placed into pivot
bearing tensile testing grips designed by Tressler
and Crane [9] (see Fig.3). The pivot bearings
enable very good alignment using the four adjust-
able screws which straddle the ball-bearing pivot.
Each of the grips have a ball-bearing seat which
allows rotation of the hypodermic needle casing
to minimize bending moments. The grips were
attached to watercooled rams located inside a
Centorr tungsten resistance vacuum furnace. The
top ram was connected through a bellows to an
Instron table-model testing machine. Only the
centre of the filament passed through the heat
shields to a 7 cm-long uniform hot zone.

Differential strain-rate and differential tempera-
ture tests were performed on all samples. Differen-
tial strain-rate tests were performed at constant

BASAL PLANE

Figure ] Schematic diagram of the
c-axis filament morphology with a
tracing of a micrograph of a filament
cross-section.
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Figure 2 Preparation of the filaments for testing. (a) Beading the filament in an oxygen-rich flame and (b) bead seated
in needle casing.

temperatures by changing the cross-head speed of
the Instron machine (which took about 10 sec).
Differential temperature tests were performed at
constant strain rate, for which the cross-head was
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stopped during the change of temperature (which
took about 30sec). Differential strain-rate data
and differential temperature data were used to
calculate the activation parameters.
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Figure 3 The pivot bearing grips used in
tensile loading of the samples.
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2.3. Analysis of deformed samples
Samples were examined for accuracy of orien-
tation by using a precison goniometer and trans-
mission Laue X-ray diffraction pattern analysis.
Slip-trace analysis was carried out using SEM
microscopy coupled with Laue transmission X-ray
orientation techniques to identify the macroscopic
slip traces on the surface of the deformed crystals.
Emission spectroscopy was used to determine
the purity in both deformed and undeformed
crystals. The quantitative spectrographic analysis
indicate that the impurity levels in the deformed
samples were SiO, ~ 0.02 wt %, Cr,0; < 0.05wt%,
Ti0, < 0.01wt%, Ca0<0.03wt% and FeO<
0.01 wt%. These quantities are probably higher
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than the actual impurity contents in the bulk of
the samples since the high surface-to-volume ratio
and the thermal history of the filaments suggest
probable surface contamination. Additionally, the
filament growth technique zone-refines the start-

- ing material which had impurity levels of less than

0.01 wi% of Si0,, TiO, and Cr,03. The chromium
content of the filaments was probably less than
that indicated by the analysis because the samples
were crushed for analysis using a chromium-doped
alumina mortar and pestle.

Foils with prism plane orientation were prepared
for TEM examination by diamond-polishing to a
thickness of 0.51 mm through 30, 15, 6 and 1 um
diamond sizes on each side. Samples were ion-milied



and coated with carbon before TEM examination
at 100kV (using Phillips EM 300 machine) and
HVTEM examination at 1 MV (using an AEI EM7
machine).” '

3. Results and discussion

3.1. Mechanical test results

The stress—strain curves were similar to those
reported previously [7] containing an elastic region,
an upper yield stress, and a constant flow stress for
each strain-rate tested, independent of elongation.

Differential temperature - tests were run at
constant strain rate where a temperature change of
25° C took about 30sec-and the cross-head was
stopped during the temperature change. Both the
differential strain-rate and differential temperature
tests were commonly run on individual samples.

The upper yield stress values plotted as a
function of temperature are scattered. This scatter
is probably due to the upper yield stress being a
function of initial mobile dislocation density,
which is dependent on the thermal and stress
history of the samples, which were not identical
in all cases. The ingrown dislocation density of
as-received samples was very low (=2 1.0 x 10® m™2
from etch-pit analysis).

The flow stress was independent of strain for
all temperatures and strain rates investigated.
Fig. 4 is a composite of flow stresses collected in
differential temperature and differential strain-
rate tests for six strain rates. The constant strain-
rate curves suggest a break in the flow behaviour
at high temperatures. The constant strain-rate

curves were used to calculate the activation
enthalpies and activation volumes.

3.2. Activation analysis

The flow behaviour of sapphire has generally been
fitted to two types of equations. For dislocation
barriers such as the overcoming of the Peierls—
Nabarro stress, flow data have been fit to an
equation in which the strain rate is exponentially
dependent on stress:

é = vexp (—H(0)/RT),

1)

where € is the strain rate, v is a constant, H(c) is
the stress-dependent activation enthalpy, R is the
gas constant and T is the absolute temperature.
Generally, such processes have been associated
with relatively low temperatures from 900 to
1700°C [10-12]. For dislocation processes
such as diffusioncontrolled climb, the flow
results have been fitted to an equation in which
the strain rate is dependent on the stress to some
power:

¢ = (A/T)o" exp (—H/RT),  (2)

where A and n are constants and H, is the acti-
vation enthalpy which is relatively independent of
stress [13]. The flow data was analysed using these
equations to determine the activation parameters.

Stress exponents were calculated from flow
stresses collected in differential strain-rate exper-
iments from
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Figure 5 Stress exponent plotted against
0 | | 1 In (strain rate) at constant temperatures
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assuming a deformation equation of the form of
Equation 2. The activation volume can be calcu-
lated assuming an expression of the form

exp [— (Ho — V*0110w)/RT], “

where é and 0g, are the shear strain-rate and
shear flow-stress, respectively, and V™ is the acti-
vation volume, V™* can then be expressed [4] by

é =

o _ ppOlné Alné
V*= RT——-—~6T RT( Ao )T[I/(cos 8 cos ¢)(]5.)

The activation enthalpy can be calculated from

AH _ 6lné do\ Alné) (Ao ©)
RT? 8o |p \8T); Ao |p\ATJ;

using data from differential strain-rate and differ-
ential temperature tests, when, as in this study, the
applied stress is a unique function of strain rate
for a given structure [14]. Since the tensile flow
stress was independent of strain the activation
enthalpies were calculated from the tensile flow
stress against temperature plots which are compo-
sites of the individual temperature and strain-rate
change tests.

The calculated stress exponents, n, plotted
against 1n € for c-axis sapphire are shown at con-
stant temperatures in Fig. 5. The stress exponents,
n, increase in value from about 4 at low strain rates
to about 10 at high strain rates. These » values are
inconsistent with all models of glide-rate controlled
by climb which predict stress exponents in the
range of 3 to 5 [15]. These n values are also
inconsistent with the Weertman modified pure-
climb diffusional mechanism [16] proposed as rate
controlling for the creep of sapphire via pyramidal
slip by Firestone and Heuer [6]. Their conclusions
are based on data collected at high temperatures
(1600 to 1800° C) and low strain rates (107° to
1076 sec™") and stresses (70 to 114 MNm™2). The
calculated stress exponents in Fig.5 seem to
approach a value of 3 for the higher temperature
data at lower strain rates.

The tensile flow stress against activation volume
data are plotted for constant strain rates in Fig. 6.
Note that at high stresses the activation volumes
fall in a distinct band for all strain rates. At lower
stresses the activation volumes tend toward smaller
values. These smaller values correspond to the
flow data at temperatures above the break in
the constant strain-rate curves. Since the activation
volume at high tensile flow stresses (lower tem-
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perature data) is about 10b> (where b = 0.512 nm)
this tends to support the idea of a Peierls process
as rate controlling. The smaller activation volume
at lower tensile flow stresses (higher tempera-
ture data) is consistent with expectations for a
diffusion-controlled process.

The tensile flow stress against activation
enthalpy data (see Fig. 7) indicates that at higher
tensile flow stresses and strain rates the data
fall on straight lines which can be extended to
zero tensile flow stress to estimate values of H,,
the zero stress-activation enthalpy, of 130 to
150kcalmol™.

At lower tensile flow stresses the apparent acti-
vation enthalpies are erratic and tend toward very
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Figure 6 Tensile flow stress plotted against activation
volume at constant strain rates for undoped c-axis
sapphire. o, 0.0036 min~'; ¢, 0.0019min"'; ¢, 0.0073
min~'; v, 0.000 36 min™*; g, 0.000 19 min~*; 4, 0.000 07
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large values. These values are calculated from data
in the higher temperature region beyond the break
in the flow curves, and may be associated with a
change in the rate-controlling process.

The ratelimiting process for plastic defor-
mation of undoped c-axis sapphire at temperatures
and strain rates above the break in the tensile flow
stress curves requires further analysis. The defor-
mation does not seem to be diffusion-controlled in
this region since the stress exponents are variable
and the activation enthalpies are very large. A
simple Peierls process does not seem to be appli-
cable since the activation volume tends towards
small values (< 10b?) and the activation enthalpies
tend toward very large values. If the Peierls process
is still rate-controlling in this higher temperature
region there must be some modification of the
basic Peierls process.

The temperature dependence of the Peierls
barrier has been the subject of several studies [17].
In a review of these models Kuhlmann-Wilsdorf
[18] noted that the predicted frictional stress
acting on dislocations was substantially higher

than that observed. For example, dislocations in
closepacked metals move at very much lower
stress levels than those calculated. In the past,
several explanations have been given for such
processes, including that of thermal activation.
Kuhlmann-Wilsdorf considered the previously
overlooked phenomena of the uncertainty relation-
ship for dislocations in which the atoms that
make up the dislocation are not considered as
mathematical points since they vibrate and their
positions do not ideally conform to the pattern
of a dislocation with a precisely defined axis. The
derived Kuhlmann-Wilsdorf [18] model for salts
of the NaCltype and bcc metals describes the
temperature dependence of the Peierls stress when
associated with the uncertainty in the position of
the dislocation core caused by thermal vibrations
and takes the form

o = bexp[—a(l/Tmp)l, (M

where b and a are constants. Plots of homologous
temperature, T/Tp,p, against In (flow stress) for
experimental data at all strain rates in the higher
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temperature region (see Fig. 8) fit this relationship
and give a value (by extrapolation) for o of
40MNm™ at the melting point. From this value
and the data in Fig. 8 the constants ¢ and b were
determined for each strain rate. The equation of
the form derived from the Kuhlmann-Wilsdorf
.model which fits the experimental data from the
present study for the flow of c-axis sapphire in the
high-temperature region is

o = exp 3[In é +14.37—(In é + 13.15)(T/Tmp)].
®
Higher temperature data are needed to substan-

tiate the predicted curves even though the exper-
imentally observed flow stresses show a good fit.

3.3. Microscopic analysis of
deformed specimens

Fig.9 is a SEM micrograph which shows the
characteristic slip traces on a deformed c-axis
filament. This observation is consistent with slip
on either the [10T 1] plane (~18°) or the [2243]
plane (~16°). Slip traces were not found on the
filament outside the hot-zone length.

In order to establish the slip plane with more
certainty, TEM methods were employed. It was
found that at 100kV the numbers and lengths of
visible dislocation segments were insufficient to
enable the slip plane to be identified. Stereo
HVTEM microscopy at 1MV was therefore
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undertaken. In practice great difficulties were
experienced in achieving the optimum angle of
tilt for maximum stereoscopic effect and in setting
up identical diffraction conditions, principally
because intense elastic strains in the thinned fila-
ments produced numerous bend extinction con-
tours. These difficulties, coupled with the fact
that incipient climb effects in sapphire deformed
at high temperatures reduce the definition of slip
planes, meant that several sets of stereo pairs were
necessary for the slip plane to be identified with
certainty. There was close agreement between the
orientations of the slip traces deduced from each
stereo pair and one detailed analysis is illustrated

———
.
c [~
2um

Figure 9 The characteristic pyramidal plane slip traces at
approximately 18° to the c-axis.
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Figure 10 (a and b) Stereo-pair of
slip dislocations in specimen de-
formed at 1850°C to 2% bplastic
strain at a strain rate of 0.007 min™?,
(stereo tilt angle ~ 12°) with g=
1126. The electron beam is approxi-
mately along a [97 2 1] zone axis and
a [1100] zone axis in Fig. 10a and
b, respectively. (c) Stereographic pro-
jection corresponding to Fig. 10a and
b, showing disposition of slip trace,
tilt axis, possible {1071} slip planes
and poles of diffracting planes.
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in Fig. 10a, b and ¢ for a specimen deformed at
1850° C to about 2% plastic strain at a strain rate
of 0.0007 min™".

The change in the angle of specimen tilt
between the images in Fig. 10a-and b is 12°, which
gives only a weak stereo effect. In Fig. 10a the
electron beam is parallel to a [9721] zone axis;
in Fig. 10b the electron beam is approximately
parallel to [1100], the two zones being 16° apart.
The trace of the slip-plane deduced from this pair
of images and the position of the tilt axis are
shown in the stereographic projection shown in
Fig. 10c, in relation to the pyramidal slip planes
{101 1}. Cursory inspection suggests that the slip
in this case involves the (0111) plane, whose
trace in Fig. 10c corresponds to the trace of the
slip plane deduced from Fig. 10a and b, to within
experimental error. However, the projected widths
of the slip planes in the images (3.9 to 3.5 um in
Fig. 10a and b, respectively) exclude (0111) as
the slip plane, since this assignation would imply
a HVTEM specimen thickness of = 10um. The
actual foil thickness of =1.5um indicates that
the normal to the slip plane must be inclined
at about 22° to the electron beam. Further con-
sideration suggests that the only possible slip plane
consistent with the data is (4223), the poles of
which are shown in Fig. 10c for the two stereo
tilt angles. This conclusion is supported by the
close agreement between the ratio of the projected
widths of the slip planes (~ 1.05) and the ratio
of the cosines (1:1) of the angle between the
electron-beam direction and the pole of (4223)
as it moves (from about 32 to 21°) during tilt.

An unequivocal determination of the corre-
sponding slip direction has not been possible. The
direction [01T10] lLies in the (4223) plane and
on atomistic arguments it would be the most
probable slip direction. The direction of elongation
of most of the dipoles and pinched-off loops in
the specimens is approximately [0110], but
some doubt remains. Convincing diffraction
contrast experiments to determine the Burgers
vectors of dislocations could not be carried out,
because of the frequent excitation of systematic
and multiple electron reflections when operating
at voltages between 400kV and 1 MV, and because
of the problems with bend contours in regions of
the specimen which were transparent to 100keV
electrons.

The deduced slip plane and possible slip direc-
tion, {4223}(0T10) are consistent with the
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results of earlier work by Klassen-Neklyndovaetal.
[19]. The result raises questions as to why {1071 1}
slip was not activated in the ideally-oriented c-axis
filaments and whether the 1/3(10711) Burgers
vectors reported by Gooch and Groves [3] result
principally from dislocation interactions.

4. Conclusions ,
Plastic strains of 3 to 5 per cent were observed for
c-axis sapphire filaments deformed in uniaxial
tension at 1600 to 1850° C with applied strain
rates of 0.0007 to 0.0036min™", The dislocation
structures of the deformed specimens contained
loops, dipoles, and straight glide dislocations. The
slip traces and HVTEM stereo images provide
evidence for the {4223} slip plane with the most
likely direction being (011 0).

The activation analysis of the flow data suggests
that the rate-controlling process is the thermally-
activated overcoming of the Peierls barrier.
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