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Abstract

The finite elements method was applied to calculate transient thermal stresses in sapphire with taking into account the crystal’s

anisotropy, scale factor, temperature function of heat transfer and other properties. The sapphire fracture behaviour as compared
to ceramic polycrystalline materials under heat load, differs due to two factors: (a) twinning type strain at rather low test tem-
peratures <200 �C and (b) fracture toughness anisotropy. The cracking behaviour and thermal shock resistance (TSR) of the
crystal against its dimensions, orientation and the heat load type was explained using the force fracture mechanics and the twinning

and cracking features in the tensile and compressive stress fields. The influence of residual stresses after stress relaxation was stud-
ied. A possibility to increase the strength by 2–3 times and TSR of sapphire using a thermomechanical process was shown. This
enables thermal stress generation under high-rate heatup to 1500–2000 �C, thus lowering the stress concentration on defects

through local stress relaxation.# 2002 Elsevier Science Ltd. All rights reserved.
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1. Introduction

Aluminum oxide as polycrystal and single crystal
(sapphire), has found a use in recent years in structural
applications, where a resistance to high heat loads and
temperature drops (e.g. parts for space plants) are of
great importance. To choose materials for these appli-
cations, important is such a parameter as thermal shock
resistance (TSR). Unlike polycrystal Al2O3, whose TSR
was studied in many works (e.g. Refs. 1–3), any data on
the single crystal sapphire TSR is almost absent in rela-
ted literature, though sapphire has been widely in prac-
tice to the moment.4 The TSR and failure is influenced by
the sapphire crystal orientation, stress–strain condition,
defects on its surface and in volume, that has not yet been
studied. Besides, available data on the strength and frac-
ture of differently oriented sapphire crystals under
mechanical load5 indicate, that also thermal load may
have a significant effects on the above. So, a research on
the TSR of sapphire under various conditions is of great
interest, also because this reveals a possibility to

strengthen sapphire products (e.g. through a thermo-
mechanical process). To quantify the TSR, a heat-stress
calculation procedure taking into consideration the
crystal anisotropy and non-linear boundary conditions
of heat exchange was developed.

2. Experimental procedure

2.1. Sample preparation

Most sapphire crystals for experiments were grown in
Research Institute of SIA ‘‘LUCH’’ by a method of
directional crystallization (Stepanov’s method)6 through
extraction of a specified profile crystal from a melt with
a seed having a given crystallographic orientation. The
sapphire blanks were obtained as rods 4–5 mm in dia-
meter and 350 mm long, as pipes 16 mm OD, 8.0 mm
ID and 100–120 mm long and as plates 40 mm wide, 4
mm thick and up to 200 mm long. The rods’ and tubes’
growth axes were oriented <0001> , <011 2

-
> within

2–4� and {11 2
-
0}- plates were <10 1

-
0> -oriented.

The extraction rate was 1 mm/min. Maximum 0.7 mm
blocks were observed on separate sites of the crystal.
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Crystals with disorientation of the blocks more than 3�

were rejected. The average density of dislocations on the
growth surface was 105 cm�2. The blanks in a batch
were somewhat different in porosity. A noticeable non-
uniformly distributed porosity was observed in rods
batches IV and V. 1–3 mm pores were concentrated in
the middle of the rods from batch VI with a maximum
pore density 104 mm�2. A grid of pores was observed on
the surface of the samples (batch VII). The porosity was
mainly distributed in on the outside of plates and tubes,
which was removed by machining the specimens. Cutting
of blanks was conducted by a metal-bound diamond
wheels with a 125–100 mm diamond grain. The surfaces
of cylinder bars were ground in a water-oil emulsion by
organic bound diamond wheels (AC6) with a 63–80 mm
grain.
The sapphire disks 20–30 mm in diameter were pre-

pared from the plates, cut to square pieces and then
glued together. Such a glued unit was machined in a
circular grinder by diamond wheels (AC6). The front
face of disks was subjected to successive double side
polishing to remove the surface porosity by diamond
wheels 125/100, 40/28 and 28/20. The edges of disk were
45� chamfered by a free abrasive 40/28 mm. The front
face was finished on a 10/7 mm diamond paste to remove
20–30 mm of damaged layersm and then chemically
polished on chamois with selicole. The final roughness

of the surface was no more than Rz=0.05 mm. The
outside, inside and end faces of the tube samples were
polished in similar modes.

2.2. Test methods

The TSR of sapphire was measured using non-sta-
tionary methods7 by heating the lateral area of cold
specimens in a bath with melted tin of a known tem-
perature, or by quenching specimens, heated up to a
preset temperature in a water bath. The samples were
quenched as a rule horizontally. The procedure of water
quenching of the lateral area of the disk specimen, hav-
ing thermally insulated end faces, consists in a serial
increase of the specimen temperature, through every 10–
15 �C, until first appearance of cracks (readily visible
without any penetrant) at reached temperature difference
�T between the heated sample and water bath. In heat-
ing test, the melted tin temperature also increased every
20–30 �C and the difference �T, initiating the fracture,
was registered using an acoustic sensor operating in the
frequency range 1–20 kHz.
Thermal-mechanical processing and TSR measurement

under single and cyclical thermal loading at elevated tem-
peratures were conducted in our high-frequency installa-
tion (Fig. 1a).8 A specimen (1) is heated in a hot
chamber (2) in an inert medium or in vacuum up to

Fig. 1. Schematic diagrams of induction heating unit I (a) and II (b) for measurement of TSR at elevated temperatures.
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2000 �C. The heater (3) is a hollow molybdenum cylin-
der placed inside an inductor (4). The heater is shielded
from surroundings by water-cooled double quartz tubes
(5). To create a uniform temperature field on the length
of the heater, its end faces are protected by molybde-
num screens. The temperature of the heater is mon-
itored by an optical pyrometer. After the heater has
reached the desired temperature, the specimen [pro-
tected on the side face by a shield (6)] is transferred
pneumatically from the cold to hot chamber by a pusher
(7), fed with compressed gas (8) via its lower side. After
the specimen has been positioned in the middle of the
heater, a screen pawl (9) is released and the screen drops
by gravity, exposing the side face of the specimen. After
a predetermined short exposure and relaxation of local
thermal stresses, the specimen is transferred into the cold
chamber (10). If the thermal stresses exceed the ultimate
strength, the specimen fails, thus enabling determination
of the TSR at a high temperature. In this event, the
instant of the specimen fracture is fixed by a piezoelectric
sensor (11), connected to the specimen through a sound
guide; the signal from the sensor is transmitted through an
amplifier to a recording oscillograph, which responds
automatically after the screen drop.
A possibility for thermal stress to relax at a higher

temperature and to determine the influence of the resi-
dual stresses on TSR was studied using a modified
induction installation II9 (Fig. 1b) with disks in an inert
medium or directly in air. A disk (4) coated by thin-
layer chromium, about 0.2 mm thick is placed on three
insulated needles (7) within an induction coil (5) with a
water-cooled copper concentrator (3), amplifying the
magnetic field. The concentrator with a slanting cut
serves also as a thermal screen, which allows the cham-
ber (6) to be made of quartz. Both sides of the disk are
covered at its periphery by rings (2) of an electrical
conducting material (graphite). Under power supply to
the induction heater, the rings and hence the specimen’s
peripheral area is heated up. Due to heat emission by
radiation from the specimen’s end parts, a temperature
drop occurs in the disk. The temperature field along the
disk’s radius is measured by a thermocouple (8) or by an
unsteady-state pyrometer through window (1). The TSR
is estimated by the value of temperature drop �T
between the specimen disk’s centre and edge, sufficient
to initiate the disk fracture at a known power. The
fracture moment is defined by the registered break of an
electric circuit (9) between three needles (7) supporting
the specimenm.
The three point bending strength s of cylindrical

specimens of diameter d tested on a device with a base l
(here 20 mm) was calculated on the-load P from the
ratio �=8d l/�d3. Correction was made for the actual
abscissa if fracture does not occur at l/2. The tests from
20 to 1800 �C were done in a testing machine with a
tungsten heater and a 2500 mN load cell. The tensile

strength of hollow cylinder was determined by internal
pressure Pi tests from the ratio �y=Pi (1+K2)/(1�K2),
where �y is the tangential stress on the internal surface,
K=di/do is the ratio of internal di to outer do diameter.

21

The fracture toughness was evaluated by indentation of
a diamond Vickers pyramid under a 5 N load from the
ratio K1c=0.0726 P c�3/2,,21 where P is the load on the
indentor; c is the radius of a hemi-disk crack.
The crystallographic orientation of the specimens was

measured using a Dron-3 X-ray machine. The beha-
viour of cracks and twins was studied by microscopy
under transmittance and reflection. The fracture sur-
faces were examined both by optical and scanning elec-
tron microscopy. The stresses after diamond processing
of the sapphire surface were evaluated on the copper
radiation line (half an X-beam is diffracted from a 8 mm
depth). The lines were recorded in a 2� scanning mode.
The integral width of (1120) line was conditionally
measured from the relation between the area under the
curve Ka–doublet (till its coincidence with the back-
ground) and the line peak height. The measurements
were conducted repeatedly to avoid a block structure
effect; the received data were averaged.

2.3. Computational techniques for thermal stresses in
isotropic and anisotropic bodies

The TSR of brittle ceramics is characterized usually
by a critical temperature difference �T (between sample
surface and quenching media) and by a value of stress s
responsible for fracture:7

� ¼ �E�T �ð Þ= 1� 	ð Þ;

where E is the Young’s modulus, � is the coefficient of
linear heat expansion 	 is the Poisson’s constant. and
the Biot number, �=ah/l, where a is characteristic size,
h is a heat transfer coefficient, l is the materal’s thermal
conductivity. The coefficients of the heat transfer in
water at 20 �C (Fig. 2a)10 and in melted tin (Fig. 2b)11

are determined experimentally. Determination of TSR
(fracture stresses) are made by numerical methods on
the basis of the quasi-static theory of thermal elasti-
city.15 The non-linear boundary condition of the heat
exchange and the temperature dependence of materials
properties are taken into account. A disregard of these
factors gives rise to errors in the calculation of thermal
stresses, up to 20–50%.12�14

The temperature stresses at high-temperature heating
are calculated from the heat flow value q facing the
surface, which is, in turn, determined computationally
from the value of reduced emissivity "r

16 or experimen-
tally in a steady-state run,17 by measuring the tempera-
ture as a function of time at a single point of a
specimen8 with a known value of its volumetric thermal
capacity Cg.
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Distribution of thermal stresses in the disk and
cylindrical specimens of sapphire considering the aniso-
tropy and temperature dependence of properties and
coefficient of thermal emission was found by the finite
elements method (FEM) using an ANSYS program
complex.18 Successive solution of unsteady non-linear
problems of the thermal conductivity and the thermal
elasticity in a spatial and axi-symmetrical statement
should be done. The 2D meshing for axe-symmetrical
and the 3D meshing for spatial state were used. The
mesh division was performed with four-node rectan-
gular elements for axial symmetry and with 20 nodes for
spatial state. The number of node points and elements
was dependent on the sample size. For example, the
number of elements on radius, thickness, half cir-
cumference lay in the ratio of 8:5:12 for half disk 10 mm
in diameter, 2.5 mm thick; on the whole were available
480 elements and 2491 nodes. The 2D FEM modelling
of cylinder 3mm in diameter, 20 mm length had 1200

elements and 1281 nodes. The meshes were refined near
the radial free surfaces.
As far as we know, a calculation of thermal stresses in

sapphire, taking into account the anisotropy of proper-
ties and the non-linear heat exchange condition to
determine the TSR, have not been made previously.
Known only are methods to calculate thermal stresses in
sapphire blanks grown from melts under axial tempera-
ture gradient19,20 with the aim to optimise the growth
parameters and decrease the dangerous residual stresses
in the crystal.
The properties of (0001) oriented sapphire are presented

in Table 1 across and along the C axis.
Solution of a thermal elasticity problem has a number

of features. The first is essential nonlinearity of physical-
mechanical properties of the material and change in the
boundary conditions during the solving of the problem,
especially sharp change (more than by one order) takes
place under cooling a sample in water. Table 2 shows

Fig. 2. Heat transfer coefficient of cylindrical specimen quenched in water (a) and of cylindrical specimens (with the wall thickness B and thermal

conductivity l) heated in molten tin (b) as a function of temperature. 1–4 refer to B/l(m2 K/w) 8�10�4, 4�10�4, 3�10�4, 1.5�10�4 respectively.

Table 1

Properties of sapphire and polycrystyline Al2O3 versus temperature

Property Orientation Temperature, K

300 500 700 900

Thermal conductivity k 25 17.5 – –

l (W/mK) ? – – – –

Polycrystal 23 15.5 8.6 8.5

Linear coefficient of thermal k 7.10 – 7.96 8.23

expansion, � (106 K�1) ? 5.50 – 6.60 7.22

Polycrystal 6.30 – 7.45 7.74

Young’s modulus E (GPa) k 460 – – –

? 420 – 403 387

Polycrystal 395 – 385 362
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the influence of two parameters (heat conductivity l and
heat-transfer factor h) on the peak major stress �1 and
time to reach it, for disks, (0001) oriented, cooled in
water. The last line of Table 2 gives the solution for the
non-linear problem statement.
The second feature is the anisotropy and scale factor.

The (0001) oriented disks are transversally isotropic,
disks with changed orientation possess properties of
general anisotropy. Under a finite-elements simulation,
a transition from the transversal isotropy to general
anisotropy is derived automatically, if the C axis of the
developed model is resolved in the main system of
coordinates to which preset physical–mechanical prop-
erties of a transversally isotropic body are fixed. The
character of the solution is changes, too. The solution is
axi-symmetrical for disks with (0001) orientation and
the problem may be solved for a two-dimensional (axi-
symmetrical) statement. Under change of the C axis
orientation in spite of the sample/load symmetry, the
symmetry of solution disappears and the problem
should be solved for a three-dimensional (space)
statement.
The sample dimensions also affect significantly the

stress–strain state. A plane stress state is realized for
rather thin samples (thickness 0.5 mm and less), an axial
stress component arises and increases for thicker sam-
ples. The plane strain state occurs principally in a
transversally isotropic rod or tube except in its zones
near ends.
The anisotropy/scale effect is displayed in Table 3.

Transition from the axi-symmetrical orientation of a
(0001) sample to a {011 2

-
} spatial orientation as well as

the transition from a plane-stress condition (H=0.5

mm) to a plane-strain state increases the level of arising
stresses. The anisotropy of crystal essentially changes
the spatial distribution pattern for stress components.
For example, the tangential stresses �y on a circle of a
cylinder with a {011 2

-
} orientation arising in quenching

is depicted in Fig. 3. Fig. 4 represents the stress compo-
nent distribution along the radius of a (0001) oriented
disk, 10 mm in diameter, 2.5 mm thick, for quenching
(a) and heating tests (b). Calculated peak stresses for the
samples tested, having the initial temperature T, are
provided in Table 4. Also, Table 4 gives the time � to
reach the peak stress and the surface temperature Tf at
that moment. Note, that in the water-cooled samples
the peak tensile stresses are reached in 0.025–0.09 s since
cooling start, before a peak radial T-difference. For the
tin-heated samples, the peak stresses take place far later.
Here, the peak tensile stresses occur after origination of
the peak radial temperature drop, and the peak com-
pressive stresses appears before the peak temperature
drop.

Table 2

Peak values of major stresses �1 and time � to reach them for water-

quenched disks, diameter 10 mm, thickness 2.5 mm, heated up to

200 �C at varying l and h

l (W/m K) h (W/m2 K) � (s) �1 (MPa)

16 30 000 0.10 241

16 14 000 0.17 176

23 14 000 0.17 147

From Table 1 From Fig. 2a 0.07 160

Table 3

Changes of a maximum main stress �1 and time � to reach it, for samples with diameter 10 mm and height H quenched in water

Thickness of sample (mm) Orientation Temperature 200�C Temperature 220�C

� (s) �1 (MPa) � (s) �1 (MPa)

H=0.5 (0001) 0.08 143 0.07 175

H=2.5 (0001) 0.07 160 0.06 196

H=2.5 {011 2
-
} 0.08 177 0.08 216

H=5 {0001} 0.08 167 0.08 216

Fig. 3. Computer picture of non-uniform distribution of tangential

stress sy along axis and radius of cylinder d=10 mm, H=2.5 mm,

orientation {011 2
-
} quenched in water from 200 �C after 0.08 s from

the onset of cooling.
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3. Results

3.1. Sample shape/orientation effect upon TSR

The TSR of sapphire is estimated in Table 4 from the
level of tensile stresses (�z for cylinders, �y for disk).
These values were calculated for the mean temperature
difference �Tm over temperature difference span
(�Tmin��Tmax) initiating the fracture. The number of
tested specimens varied within 2–24. Dispersion of tem-
perature difference from its mean value is about 30%
for cylindrical specimens, and, as a rule, twice lower for
disks. The TSR of sapphire depends significantly on the
sample surface condition, orientation and shape. The

stress components �r, �z, �y, time � to reach the peak
stresst and surface temperature Tf vary. The TSR of a
single crystal of two different orientations (batches XV
and XVI) exceeds considerably the TSR of size-similar
polycrystals (batch XVII) (Table 4). The TSR of
cylindrical specimens with as-grown surface (batch IR)
is by 40% lower than the TSR of the specimens with
polished surface (batches IV–VII) of the same crystal-
lographic orientation. The presence of pores in the
middle of rods in batch VI (1–3 mm size, maximum
density 104 mm2) and pores on the surface of specimens
in batch VII practically did not tell on their TSR, in
comparison with non-porous products (batches IV–V).
In all cases the arising surface cracks in the specimens

Fig. 4. Distribution of surface temperature T and stress components �y, �r, �z along sample radius [d=10 mm, H=2.5 mm, orientation (0001)],
quenched in water from 200 �C at the time of attainment of maximum tensile stress (a) and heated in melted tin from temperature 1000 �C at

moment of attainment of maximum compression stress after 0.4 s from the onset of heating (b).
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do not result to total fragmentation, saving 30% of the
initial strength, as in tests of polycrystal.1

For as-grown samples, the cracking occur on the
planes {11 2

-
0} in most cases, and less often at a 60�

angle to the cylinder axis (Fig. 5a). For as-ground sam-
ples the cracking takes place mainly on the inclined
planes, with separate segments of propagation on the
prism planes (Fig. 5b). The TSR of the disks with
(0001)-oriented end surface, (batch X) is lower than the
TSR of specimens (batch IX,) whose basal plane is
inclined at a 57� angle to the cylinder axis. The fracture
of cylinders with the end face plane oriented as {011 2

-
}

happens in main on the rhombohedral planes {02 2
-
1}.

The cylinders with the basal end face plane fail on the
prism planes {10 2

-
0} and {1

-
100}.

The cracks in the disks of batch XI propagate mainly
on the planes of easiest cleavage {11 2

-
0} (Fig. 6a), when

the cracks, originating at points of maximum circular
stress (Fig. 3) in the disks of batch XII go on the
rhombohedron plane {10 1

-
1} and then propagate on

twisting path (Fig. 6b) with an irrational surface of
fracture. The specimens fail to separate fragments in
both cases. It is significant that in the plane-stress state
the specimens of batches IX and X, having the compo-
nent of stress �z, fail partially (Fig. 6c,d) with different
TSR level, in contrast to a full fragmentation of the

Table 4

TSR of tested specimens

Batches D—diameter, l, H—

length, height, mm

Orientation Number of

samples

TSR Surface

temperature, Tf (
�C)

Time at

fracture, t (s)
�Tmin��Tmax/�Tm,

�C �r, MPa �z, MPa �y, MPa

B D=5; l=15 Polycrystal 18 155–190/170 130a

IR D=4.4; l=40 (0001) 24 138–200/179 0 184 150 142 0.025

IV–V D=3.2; l=40 (0001) 14 158–235/210

VI D=3.2; l=40 (0001) 7 184–261/229 0 258 212

VII D=3.2; l=40 (0001) 7 221–235/229 0 258 212

IX D=10; H=2,5 {011 2
-
} 7 210–240/224 0 70 235 142 0.07

X D=10; H=2,5 (0001) 5 180–200/180 0 59 148 130 0.07

X** D=10; H=2,5 (0001) 2 980/980 175/0 0/–100 175/–454 47/332 0.41)

222/0 0/–40 222/–374 200/457 1.22)

X 3 D=10; H=2,5 (0001) 2 280–360/320 320

XI D=20; H=1 (0001) 8 190–345/218 0 5 232 138 0.09

XII D=25; H=1 {10 2
-
0} 4 180–194/188

XIV3 D=20, H=1 {0001} 2 200–234/230 0 7 235 135 0.09

XV Do=13; Di=9, l=9 (0001) 4 200–260/220 0 289 330 103 0.09

XVI Do=13; Di=9, l=9 {011 2
-
} 4 200–310/230 0 348 359 138 0.06

XVII Do=13; Di=9, l=9 Polycrystal 7 140–215/180 0 0 154 119 0.06

XIII** D=20; H=1 (0001) 4 520–700/595 121/0 0 121/–418 23/277 1.01)

169/0 0 169/–379 113/344 3.02)

XVIII** D=20; H=1 {10 2
-
0} 2 500–500

XIX** D=30; H=1 {10 2
-
0} 2 430–500/480

Note: (Do)—outside and (Di) inside diameter of tubes; B—The data of paper in Ref. 1.
a Approximate estimate. The specimens of all batches are tested by quenching method except those of batches X**, XIII**, XVIII**, XIX** tested

in melted tin. (1) At the peak compressive stress moment; (2) At the peak tensile stress moment. Numerator: center, denominator: edge. X3 and XIV3—

the specimens tested by quenching after appropriate processing in melted tin and in air.

Fig. 5. Fracture mode of cylindrical specimens with as grown (a) and polished surfaces (b) tested by quenching method.
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specimens of batches XI and XII. A lower level TSR
(batch X) in comparison with batch IX is due to an
easier cleavage on {1

-
010} plane (Table 4).

Heat testing of thin disks of batch XIII gives rise to
cracking while the same test does not cause the cracks in
thick disks of batch X** at closely approximating values
of �y. Under tin heating, maximum compression stresses
are reached first, and maximum tensile stresses come
after the peak in radial temperature difference has been
reached. In the initial heating period, the compressive
stresses considerably exceed the tensile ones. With fur-
ther heating, the difference between the compressive and
tensile stress decreases. Batch XIII disks fail first on the
planes {1

-
010} (Fig. 7a,b). Then, the crack moves by 90�

otherwise: that is to say on the planes {10 2
-
0} (Fig. 7a).

A rectilinear propagation of the crack in the {11 2
-
0}

oriented disks is observed only on the initial leg of its
origin on the plane {1

-
010} being across {11 2

-
0} plane.

Then the crack smoothly departs from the initial direc-
tion towards the disk rim (Fig. 7c,d). It is peculiar, that
the thin disks tested by heating are damaged only par-
tially unlike full fragmentation of the disks quenched in
water. The systems of twins on the planes {0001},
{1
-
012} and {11 2

-
1} observed under small magnification

in the surface layers of disks of both orientations, as a

system of fine (10–20 mm) sheets, extending up to 5000
mm, as a rule, arise before the cracks. Twinning occurs
on the planes {1

-
012} and {11 2

-
1} in the disks of batch

XIII with the orientation {0001}. The plane {1
-
012} is

located at a small angle to the plane {0001}, therefore
the twins when observed in a microscope, create an
interference pattern with the interference band width
d	800–1000 mm (Fig. 8b). The plane {11 2

-
1} in the disk

of batch XVIII is at a large angle to the plane {11 2
-
0},

and the twins are almost perpendicular to the surface of
the disk owing to the interference band width is insig-
nificant: d	30–60 mm (Fig. 8a). In most cases cracks
arise in a specimen after twinning. The combined
arrangement of the twins and the cracks is depicted in
Fig. 9. Only in one case a part of a crack on {10 2

-
0}

plane is probably connected with fracture on the
boundary between the twin and {11 2

-
1} plane.

The TSR level of batch X3 disks tested by quenching
after 6–11 cyclic heating in melted tin up to 1000�C
increases almost twice, obviously, because of intense
twinning in the sample body and redistribution of
stresses. Here, the fracture is characterised by skin-deep,
symmetrically arranged radial cracks. (Fig. 10). Radia-
tion cooling in air of side surface disks heated to 1000 �C
(batch XIV3) practically does change their TSR.

Fig. 6. Sapphire thin disks (h=1 mm) with orientation {0001} (a) and {11 2
-
0} (c) and thick disks (H=2.5 mm) with orientation {0001} (b) and {011

2
-
} (d) tested by quenching method.
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3.2. Influence of thermal stresses relaxation on TSR

The heating of the lateral area of 20 mm diameter, 1
mm width disks in the induction installation II with a
producing of a 150 �C temperature radial difference
causes thermal-elastic tangential compression stresses
on the surface. These stresses relaxation at temperatures

more than 1200 �C and exposure is equal to or greater
than 15 min results in tensile stresses in the surface lay-
ers exceeding the tensile strength, and then the disks fail
under cooling. (Table 5). In most cases, one of cracks
intersects the whole sample diametrical cross section. At
the same time, the heating up to 1200 �C and a shorter
exposure for 3–5 min or heating to 1000–1100 �C and a

Fig. 7. Fracture mode of specimens with orientation {0001} (a, b) and {011 2
-
} (c, d) tested in melted tin at 500–600 �C.

Fig. 8. Structure of twins in specimens with orientation {0001} (a) and {011 2
-
} (b) tested in melted tin at 550 �C.
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hold for 15 min do not cause fracture after cooling
(Table 5). With heating up to 1200–1300 �C and a
200 �C difference, disks instantly fracture to numerous
fragments due to thermal-elastic tensile stresses in their
central zone.
Because both the temperature was measured in

experiments only at two points only (in the centre and at
the edge of the disk) and the form of the temperature
field was not precisely known, respective stresses can be
evaluated approximately, only. Assuming, that the tem-
perature radial distribution follows the quadratic para-
bola, then the compressive stresses on the surface of the
disk at the mean temperature of 1100 �C, will be 210
MPa, twice higher than the tensile stresses in the centre
of the disk. After relaxation, the tensile stresses can be
close to 210 MPa in the circumferential zone of the disk,
thus being sufficient to induce fracture. The ratio of
single-axis tensile strength to four point flexure strength
of sapphire at 800 �C makes up 1/2.5 The tensile
strength of polycrystals corresponds approximately to
1/3–1/2 of the three-point bending strength.21 Proceed-
ing from the above and Table 7 data, where three-point
flexure strength at temperature 1100 �C is 370 MPa, the
tensile strength should lie in the range 123–185 MPa.
In unfractured cooled disks (Table 5), the level of

residual tensile stresses does not reach the ultimate
strength, but is sufficient to lower the TSR by 25–30%
in the quench test. The capability for stresses to relax in
sapphire at temperatures up to 1000 �C is traceable
through an X-line width variation (Fig. 11).

Fig. 9. Pattern of twins and cracks location in specimen with orienta-

tion {0001} after testing in melted tin at 550 �C.

Fig. 10. Schematic of cracks pattern in specimen with orientation

{0001} preliminarily cycled 8–10 times from 1000 �C in melted tin to

20 �C in air and then tested by the quenching method in water.

Table 5

Parameters inducing residual stresses in the polished sapphire disks [20

mm diameter, 1 mm thick, (0001)-end surface]

Center

temperature,

Tc
�C

Surface

temperature,

Ts
�C

Temperature

difference,

�T �C

Exposure,

min

Sample’s

condition

1000 900 100 15 Unfractured

1050 900 150 15 Unfractured

1100 950 150 15 Unfractured

1200 1050 150 3 Unfractured

1200 1050 150 5 Unfractured

1200 1050 150 15 Fractured

1200 1050 150 15 Fractured

1200 1050 150 20 Fractured

1300 1150 150 10 Fractured

1350 1200 150 3 Fractured

1300 1100 200 0 Fractureda

1350 1150 200 0 Fractureda

a Samples are fragmented under the effect of thermal-elastic tensile

stresses in the central zone of disk.

Fig. 11. Change of integral width of X-ray line (1120) as function of

temperature.
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Formation of thermal-elastic compression stresses on
the surface of heated-cooled samples of sapphire due to
relaxation is capable to increase the strength and TSR.
A strengthening becomes possible at temperatures
higher than the brittle–plastic transition point. A slow
heating of cylindrical specimens (10 mm in diameter) up
to 1600 �C in the induction installation I (without tem-
perature difference) followed by the cooling in air of
their lateral area produce surface compression stresses
at a 200 MPa level. The TSR of these specimens tested
by quenching increases on the average, by 35%. Sap-
phire, as well as polycrystal Al2O3,

22 should in contrast
to metals, be quenched only at rather low values of the
Biot’s number: ah/l=0.3–0.8. At higher values of the
Biot’s number, the rate of relaxation of thermal-elastic
stresses turns out to be less than the rate of their incre-
ment that leads to cracking of the body. Depending on
the level and distribution of residual stresses after
relaxation, the TSR of samples can essentially vary.
Generation of compressive stresses on the sample sur-
face increases the TSR and at the same time appearance
of tensile surface stresses reduces the level of TSR. In
greater detail the influence of residual stresses on the
TSR and the behaviour of fracture with change in the
thermal loading type is considered on the example of
zirconium carbide.23

3.3. Influence of thermal-mechanical processing on TSR

The use of thermal-mechanical process is well known
method24,25 to strengthen brittle ceramic compounds.
The essence of the method consists in relaxation of local
stresses nearby concentrators of stresses during static or
active loading at a low rate under stresses close to the
yield point of a material. In the present work the chosen
processing method is similar to the thermal-mechanical
strengthening method The method lies in a creation of
thermal stresses, sufficient to relax local stresses on
defects during thermal loading.
Required thermal stresses were produced by rapid

insertion of a sample from the cold chamber into the
upper chamber, heated up to high temperatures in the
induction installation I. Thermal-elastic compression
stresses on the surface of a cylindrical sample (2 mm in
diameter) reach 25–50 MPa in a fraction of a second at
heating temperatures of 1500–2000 �C. After 30–60 s
exposure in the furnace, the samples are cooled with a
temperature rate 1–5 �C. The stresses approximately
evaluated for the value of the reduced emissivity "r=0.6
turn out sufficient to start motion of dislocations and
reduce the stress concentrators on defects through
relaxation. As shown in Ref. 26, the stresses found for
start of dislocations near the indentor print in ionic
crystals at the temperature of 0.22 Tm, are about 7 MPa,
that is several times lower than the stresses produced at
this temperature level in thermal-mechanical processing.
The strength of thermal-mechanically treated specimens
after cooling increases up to 3 times (Table 6). Unlike
quenching, the thermal-mechanical strengthening of
specimens after consequent isothermal heating cycles is
not lost.
The capability of thermal-mechanical strengthening

for sapphire is confirmed by experiments with mechan-
ical loading upon specimens with intended cracks
applied to the surface by indentation.27 The strengthening

Table 7

Strength � of sapphire specimens under three point flexure and tension and variation coefficient W

Batch Number of

specimens

Temperature

(�C)

Dimesions

(mm)

Orientation

of axis

Loading mode �min��max/�m
(MPa)

W=S/�m
(%)

I 7 20 Do=4.4; l=40 (0001) Three-point flexure 420–570/490

IV 7 20 Do=3.2; l=40 (0001) Three-point flexure 590–840/750

XV 50 20 Do=13; Di=9, l=9 (0001) Tension 81–801/453 29

XVI 45 20 Do=13; Di=9, l=9 {01 2
-
1} Tension 241–780/533 35

XVII 47 20 Do=13; Di=9, l=9 Polycrystal Tension 121–286/177 21

B 18 20 5�5�10 Polycrystal Three-point flexure 193–478/336

XXa 3 20 3�3�17 (0001) Three-point flexure 800–1330/994

XXa 3 600 3�3�17 (0001) Three-point flexure 316–600/485

XXa 3 1100 3�3�17 (0001) Three-point flexure 233–632/370

XXa 3 1650 3�3�17 (0001) Three-point flexure 269–372/314

W=S/�m, where S—is a mean root square deviation of strength, �m is a mean arithmetic value of strength.
a Specimens were ground and then polished up to Ra=0.32 mm, edges chamfered. Face plane (0001). Lateral tensile face plane {10 2

-
0}. B—data

of paper Ref. 1.

Table 6

Influences of thermal-mechanical processing on the strength of

cylindrical specimens 2 mm in diameter with as grown surface. Initial

three point bending strength 350 MPa

Temperature

(�C)

Number of

samples

Three point bending

strength (MPa)

1500 3 430, 480, 495

1600 3 550, 620, 670

1700 3 890, 915, 990

1900 3 735, 800, 890

2000 5 602, 630, 770, 790, 1220
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was conducted at 1110–1160 �C slightly exceeding the
point of brittle-plastic transition, but under higher
stresses of 0.5–0.95 of the ultimate strength at 20 �C.
These experiments (authors state as preliminary) and
the thermal-mechanical processing parameters used can
not be considered as optimal.

4. Discussion

The heat-induced fracture of sapphire essentially dif-
fers from established regularities of thermal fracture of
ceramic materials owing to sapphire strain by twinning
at rather low temperatures: 0.2 Tm.. This feature pre-
determines distinctions in the character of cracking with
change of the thermal loading type upon sapphire and
polycrystalline oxide/nonoxide compounds, incapable of
plastic deformation up to temperatures of 0.4–0.6 Tm. The
sapphire anisotropy of properties aggravates the obser-
vable gap in the TSR of sapphire and polycrystal.
The cracks originating on the surface of quench-tested

quasi-isotropic polycrystals stop in the compressed cen-
tral zone; full fragmentation is excluded. At the same
time, the heating tests lead, as a rule, to full fragmenta-
tion of the polycrystals due to tensile stresses in the
central zone, despite the presence of compression stres-
ses in the peripheral zone (Fig. 12). It is established, that
partial or full fracture of the brittle isotropic bodies is
determined by a non-uniformity of the stress field char-
acterised by an N parameter.28,29 This parameter takes
into account not only the ratio between the tensile and
compression zones, but also the stress distribution of
stresses in these zones. At N40,1, that is under the
stress condition with rather large zones of compression,
the started crack stops, and full fragmentation may be
reached under load several times higher than the load to
start the crack.30,31 Full fracture of a body under uni-
axial compression also proceeds with increasing load
with a certain interaction of growing cracks.32,33

Sapphire unlike polycrystals fails in a different way
with change of thermal loading. Under heating test,

only surface cracks occur in sapphire disks (Figs. 7–9) at
500–600 �C, while in quench test, the disks are frag-
mented completely. The feature of fracture in the heat-
ing test resides in the capability of twinning in sapphire
within low temperatures and stresses. For example, the
critical resolved stress of twinning on the rhombohedral
planes {1

-
012} reaches 230 MPa at 350 �C and decreases

down to 30 MPa at 600 �C,34 that is 13 times below the
arising thermal stresses. Relaxation of thermal com-
pressive stresses by twinning, and formation of residual
tensile stresses after cooling, close in their absolute level
to the initial thermal-elastic compression stress
(Table 4), appear to be sufficient for surface cracking.
At the same time, thermal-elastic tensile stresses in the
central zone of the disk as high as 120–170 MPa are
below the single-axis tensile strength at the same tem-
perature5 and not sufficient to cause cracking. The
plastic deformation by sliding is especially impossible
because, even at 800 �C, the critical stresses on the basal,
prismatic and pyramidal planes are about 900 MPa.34 No
twins in the central zone of the disk are explained by
unfavorable conditions for them to be born in the tensile
stress zone, as proved in Ref. 5. A smooth departure of the
crack from its initial direction to the rim of the disk (Fig. 8)
is caused by a braking influence of compression stresses in
the central zone.
The disks tested by quenching fail to fragments in

contrast to the surface fracture of the disks tested by
heating. The tensile stresses, arising on the surface, turn
out sufficient (Table 4) for cracking, but twinning and
stress relaxation at test temperatures 200–250 �C is
sharply reduced. The passing of the crack through the
cross-section of the disk under cooling (Fig. 6), seems to
be connected with an anisotropy of the singlecrystal
fracture toughness. Various methods of measure-
ment35,36 including our own one of an indentation
technique give the fracture toughness value K1c or the
specific fracture energy =K 21c (1–�

2)/2E, depending on
the orientation, from 2 to 4.5 MPa m1/2 or 6–22 J/m2,
accordingly. The highest values relate to the basal plane
(0001) and the lowest ones to the planes (1012), (1014).
The fracture toughness of cold-hardened sapphire spe-
cimens, having residual surface stresses increases by 20–
50%.36 The specific fracture energy of polycrystalline
Al2O3 varies non-monotonously with change of a grain
size from 20 to 100 J/m2.21 Generally, a resistance to the
crack propagation in Al2O3, as well as in other poly-
crystals, is noticeably higher than in the monocrystal
due to an additional resistance of the boundaries of
variously oriented grains. Owing to a reduced fracture
toughness of the monocrystal, a crack beginning its
motion in the tensile zone, overcomes the compression
zone along more favourably oriented (least energy con-
suming) planes. The TSR, as well as the strength in a
selected load mode, depends on the orientation of the
specimen. The ratio between the levels of TSR of the

Fig. 12. Fracture mode of disks 25 mm in diameter and cylinders 12

mm in diameter from polycrystal ZrC tested by heating in melted tin

(a) and by quenching method in water (b).
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cylindrical specimens of batches XV and XVII is similar
to the ratio between tensile strength of these batches
(Table 7). The strength of specimens under uniaxial
compression at 20 �C is 5–7 times greater than the uni-
axial tensile strength.32 The four-point flexure strength
of the prismatic specimens having the plane {11 2

-
0} and

the direction [0001] parallel to the tension axis, is almost
twice the strength of the specimens with the same plane
and the direction along [10 1

-
0] axis.5 The observable

anisotropy of strength and TSR of sapphire results from
the crystallographic function of the fracture energy .
The cylinders of batch XVI fail under quenching test
mainly on the rhombohedral planes {02 2

-
1}. The cylin-

ders (batch XV) with the basal face surface fail on the
prism planes {10 2

-
0}.

Fracture pattern examination of tested sapphire (batch
XX) (Table 7) has shown, that a macroscopic fracture
happens in the basal plane, though local fractures develop
on the cleavage planes such as {10 1

-
1}, less often on irra-

tional surfaces and boundaries of blocks. The fracture
origins are, first of all, sample surface defects appearing
during growth and machining. The bending load–dis-
placement diagrams for samples of batch XX are nearly
linear up to 1100 �C. Polycrystalline specimens fail
mainly on the grain boundaries, only separate large
grains fail by cleavage, and the level of their strength is
significantly lower than that of monocrystal.
Depending on selected growth modes of singlecrystal

by Stepanov’s method, the strength of as-grown cylind-
rical specimens varies from 300 to 1100 MPa. Machin-
ing of high-strength samples, as a rule, reduces their
strength. Grinding and polishing of as-grown samples
(batch I) with a reduced strength provides strengthening
due to reduction of defects and inducing of compressive
stresses in the surface layers (batch IV) (Table 7). The
surface finish has the same influence on the TSR
(Table 4). Indeed, the X-raying37 showed that 135–170
MPa compression stresses are produced in the surface
layers equaled to or greater than 15 mm deep, after dia-
mond processing of sapphire.
A basic problem of the fracture mechanics for ther-

mally loaded bodies consists in determination of their
fracture conditions. The tension-induced propagation of
a crack in an elastic–brittle body is possible with reach-
ing the critical stress intensity factor K1c. The sub-
sequent cracking and fracture type are defined by non
uniformity of thermal stress field.28,29 Materials akin to
sapphire capable to undergo anisotropic plastic defor-
mation under heating are fractured in a more complex
way. It becomes necessary to take into account stress
relaxation due to twinning and redistribution of stresses
through the whole body at rather low temperature. The
characteristic pattern of fracture of disks (Fig. 10) is asso-
ciated with redistribution of thermal-elastic stresses and
with strengthening of surface layers as a consequence of
twinning under cyclic heating.

The computational evaluations of relaxation pro-
cesses in thermal stress fields are difficult38 or rather
rough.39 More reliably the stress relaxation could be
assessed experimentally by X-ray sin2  method or by
method of opening a cut in stressed bodies.23

5. Conclusion

The fracture behaviour of sapphire in comparison
with this of polycrystalline materials under thermal
loading is governed by two phenomenon: the capability
of deformation by twinning at rather low temperatures
of test 200–300 �C and by the fracture toughness aniso-
tropy. The observable behaviour of cracking and TSR
with change of sample crystallographic orientation and
thermal loading type is explained on the basis of force
fracture mechanics. The current models of TSR40,41

using energetic principles of fracture, neglect a physical
difference in the cracking behaviour in the tension and
compression fields and are not able to adequately
describe the cracking behaviour in non uniform heat
stress fields. The series of experiments performed on
thermal-mechanical processing of sapphire, leading to
formation of thermal stresses, have established the cap-
ability to essentially increase the sapphire strength due
to local stress relaxation and lower stress concentration
on the crystal defects.
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