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The effect of titanium doping on the
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C-axis compressive strengths of pure and titanium-doped sapphire were measured at
600◦C in air. Single crystal sapphire was doped with both titanium (3+) and titanium (4+)
ions from mixtures initially containing 0.05% wt. to 0.25% wt. Ti2O3 in Al2O3. It was shown
that both valence state and concentration of titanium were important in slowing down twin
boundary movement under c-axis compression. Titanium (4+) doping did not adversely
affect the thermal conductivity and infrared optical properties of sapphire.
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1. Introduction
Thermal shock failure of sapphire (α-Al2O3) arises
from rapid loss of mechanical strength at high temper-
atures. Loss of strength is attributed to cracking caused
by intersecting rhombohedral twins [1, 2].

In the temperature range 400 to 800◦C, single crys-
tal sapphire is essentially a brittle material that does
not deform by usual dislocation mechanisms. How-
ever, rhombohedral twinning is a significant mode of
deformation in this temperature range, and it occurs at
very low resolved shear stresses [3]. The intersection
of two rhombohedral twins produces cracks that have
been shown to be fracture origins for catastrophic fail-
ure [4]. The twinning process consists of two distinct
stages: twin nucleation and twin growth. Twin nuclei
are introduced by the machining processes and can be
eliminated by polishing and annealing. Twin growth
occurs by the spreading of twin boundaries, and the
shear stress required for twin growth can be increased
by the introduction of lattice defects which may alter
the deformation mode.

The objective of this work is to demonstrate that
doping sapphire with titanium (Ti4+) ions can modify
the twinning behavior and effectively increase the high
temperature (600◦C) compressive strength without ad-
versely affecting its optical and thermal properties.

2. Titanium dopant effects on defect
structure in sapphire

Defects, vacancies or dislocations can participate in the
processes controlling the deformation mode and failure
stress. Therefore, some background information is war-
ranted to explain the results obtained in this study.

In sapphire the concentration of intrinsic defects is
small and defect related properties of the bulk are con-
trolled by aliovalent dopants or impurities. The process
of adding a Ti4+ ion at an Al3+ site effectively adds one
extra electron to the crystal. Therefore the aliovalent
Ti4+ ion is considered to be an electron donor. Simi-
larly, Mg2+ is an effective electron acceptor. It has been
shown that addition of donors such as Ti4+ to sapphire
creates aluminum vacanciesV ′′′Al [5, 6].

The oxidation-reduction reaction for sapphire in the
presence of a Ti donor can be written as follows:

3/4 O2(g)+ 3TixAl = 3/2 Ox
0 + 3Ti•Al + V′′′Al

where TixAl denotes a Ti3+ ion on an Al3+ site with no
effective charge; Ti•Al represents a Ti4+ ion substituted
for an Al3+ ion with a positive effective charge;V ′′′Al
indicates an aluminum vacancy with a negative effec-
tive charge; and Ox0 is an oxygen ion at an oxygen lat-
tice site. Electroneutrality requires that 3[Ti•Al ]= [V ′′′Al ].
High oxygen pressures drive the reaction to the right,
the compensated state, while low oxygen pressures (or
high aluminum pressures) induce the uncompensated
state; that is, the reaction goes to the left.

It has been shown that the solubility of a combina-
tion of a divalent and a tetravalent ion in sapphire is
equivalent to that of a trivalent ion when straight sub-
stitution for aluminum occurs [7, 8]. The combined sol-
ubility of Mg2+ and Ti4+ in sapphire is comparable to
that of Ti3+ and exceeds either Mg2+ or Ti4+ alone by
an order of magnitude [7, 8]. It is likely that simulta-
neous doping of sapphire with Mg2+ and Ti4+ results
in self-compensation, and the sapphire lattice exhibits
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only intrinsic defect formation. This is reasonable as an
overall charge balance is retained and no dopant related
defect formation is required.

In general, a low concentration of dopant increases
the concentration of defects of opposite charge of the
type formed by disorder in the absence of dopants.
For Frenkel disorder of oxygen in sapphire, these
defects would beV ′′′Al and O′′i (aluminum vacancies
and interstitial oxygen). However, owing to the larger
charge of aluminum defects (V ′′′Al and Al···i , aluminum
vacancies and interstitials), the concentration of these
defects increases with dopant concentration faster than
the oxygen defects because of the lower free energy
of formation of the aluminum defects. Therefore, at
larger dopant concentrations Al defects may become
dominant.

The ionic radius of Al3+ is 0.53Å. The isovalent ion
Ti3+ (ionic radius= 0.76Å) goes into the sapphire lat-
tice readily during crystal growth. Incorporation of the
aliovalent ions Mg2+ (ionic radius= 0.72 Å) or Ti4+

(ionic radius= 0.65Å) creates high defect concentra-
tions and makes crystal growth more difficult. For the
present work, isovalent Ti3+ was selected as the dopant
for investigation because it is easy to incorporate and,
through various heat treatments, it could be present as
a rutile (TiO2) precipitate, an isovalent impurity (Ti3+)
or as an aliovalent impurity (Ti4+).

3. Experimental procedure
Sapphire single crystals with and without titanium
dopant were grown by the Czochralski method
(Union Carbide Crystal Products, Washougal, WA).
0.050% wt., 0.10% wt. and 0.25% wt. Ti2O3 in Al2O3
were used as the dopant to provide 0.035% atomic,
0.070% atomic and 0.175% atomic Ti+3 concentrations
in the as-grown crystals. If all of the Ti+3 could be
converted to Ti+4 it would correspond to 0.055% wt.,
0.11% wt., and 0.275% wt. TiO2 concentrations. All
references to weight percent in the remainder of this
paper refer to the initial Ti2O3 in Al2O3.

The position of the crystalc-axis was determined by
Laue x-ray diffraction. Four-millimeter-thick a-plane
sections were sliced from the grown crystals. Com-
pression test specimens (3.5× 3.5× 10.0 mm paral-
lelepipeds) were machined in a manner that the long
axis was oriented 20◦ off the c-axis towards anr -pole
(1̄012) ona-plane wafers. This configuration was cho-
sen to enhance the shear stresses on one of the three twin
planes relative to the others [9] so that one twin plane
would be preferentially activated during compression
testing. All surfaces of the samples were polished using
a series of diamond suspensions down to 3µm particle
size. Prismatic edges of the samples were chamfered
to 45◦ by diamond machining, and polished with 6µm
diamond suspension. The purpose of chamfering was
to eliminate stress concentrations at the edges.

Pink colored, doped specimens were heated in air
at 1650◦C for 24 h to oxidize Ti3+ to Ti4+, which is
colorless. Undoped specimens were heat treated under
similar conditions to determine the baseline strength
without dopant. Heat treatments were performed in an

alumina tube furnace with lanthanum chromite heat-
ing elements (Le Mont Scientific, Pittsburgh, PA). The
samples were placed in high purity electronics grade
alumina boats covered with alumina plates to minimize
contamination of the samples during the heat treatment.

As-received and heat-treated Ti-doped samples were
analyzed by electron probe microanalysis and cathodo-
luminescence to determine the titanium concentration
and valence state to ensure a complete conversion of ti-
tanium from 3+ to 4+. The microstructure of the heat-
treated sample was examined by optical and transmis-
sion electron microscopy to determine whether Ti4+ is
in solid solution with sapphire or it exists as fine (rutile)
precipitates [10].

Twin initiation stress and the ultimate compressive
strength of the samples were measured by axial com-
pression tests at 600◦C in air using an Instron Model
4505 universal testing machine at a 0.5 mm/min cross-
head displacement rate. Load was applied to the sam-
ples by means of alumina rams and a self-aligning
alumina test fixture. Fixture surfaces in contact with
the sapphire specimen were polished. Grafoil (125µm
thick corrugated graphite from UCAR Carbon Com-
pany, Cleveland, OH) was used between the sapphire
and polished fixture surface as pad material throughout
the study. A small vertical tube furnace was used to heat
the specimens to the test temperature of 600◦C in one
hour without any loading. The samples were held for 10
minutes to stabilize the temperature before the testing.
Temperature was monitored by a type-K thermocouple
about 2 mm away from the test sample. Specimens were
observed in transmitted light between crossed polariz-
ers througha-surfaces and tests were recorded with a
video camera for later analysis. The occurrence of twins
and fracture were noted visually and the approximate
stress was recorded for each event.

Indentation fracture toughness of selected samples
was measured on polished a-plane surfaces in two dif-
ferent orientations, as shown in Fig. 1. In orientation
(A) microcracks would form on primary (01̄12) and
secondary (̄1012) twin planes, parallel to indent diago-
nals. In orientation (B) microcracks are expected to
form on the basal plane (0001) and the m-plane (101̄0).
By choosing orientation A, we attempted to simulate
mode I crack opening on the primary twin plane (011̄2)

Figure 1 Indent orientations ona-plane (see text for descriptions).
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Figure 2 Transmission electron micrograph of a twin boundary in a Ti4+ doped sample from 0.10% wt. Ti2O3. The Selected Area Diffraction pattern
(upper image) shows that we are looking at the twin boundary.

and thus observe any effect Ti4+ doping may have on
the primary and secondary twin planes. The purpose of
choosing orientation B was to introduce microcrack-
ing on the basal plane so that the effect of Ti4+ doping
could be studied.

A load of 9.8 N for 15 s was used for each indentation
using a Vickers diamond indenter. At least 5 measure-
ments were made for each orientation for each sample.
Microcrack and twin lengths formed around the indent
were measured right after indentation using 500×mag-
nification in an optical microscope. Rapid analysis of
the damage around the indent was necessary, because
it was shown that the extent of damage could change
as function of time once the indent formed [11, 12].
Fracture toughness was calculated by the method of
Antis et al. [13] for microcracks in orientation A. Frac-

ture toughness was not calculated for orientation B be-
cause no stable crack formation occurred starting from
the indent corners. In fracture toughness calculations,
425 GPa and 336 GPa were taken as the elastic modulus
of both doped and undoped samples in orientation A for
primary and secondary twin planes, respectively [14].

Infrared transmission and optical scatter were mea-
sured on a 0.10% wt. Ti2O3-doped sample (1.5 mm
thick) before and after heat treatment. Transmission
was measured onc-plane disks using a Nicolet 710
FTIR spectrophotometer at a resolution of 4 cm−1.
Total integrated scatter was measured by the method
of Archibald and Bennett [15]. Infrared emittance was
measured at the Johns Hopkins University Applied
Physics Laboratory with an emissometer described pre-
viously [16]. Sapphire was heated from the back surface
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Figure 3 Etch pits ona-plane of Ti4+-doped sapphire from 0.25% wt. Ti2O3 as a function of surface depth. Material is removed by borax etching.

by a CO2 laser at 10.6µm while emission from the
front surface was measured with a Bomen DA3 inter-
ferometer. The spectrum of the ambient temperature
background was subtracted from the observed spec-
trum. Emission from sapphire was compared to that of
a blackbody at the same temperature. Thermal conduc-
tivity was measured onc-plane disks using the laser
flash method. Back and front surfaces of the samples
were coated with gold and carbon to absorb laser light.
A laser beam was shined on the front surface of the
disks and temperature rise was measured on the back
surface. From the half-rise time, thermal diffusivity and
thermal conductivity were calculated.

4. Results and discussion
4.1. Microstructural characterization
Electron probe microanalysis of the 0.10% wt. Ti2O3-
doped (heat treated at 1650◦C for 24 h in air) speci-
mens showed that the equivalent TiO2 concentration
was 0.16% wt. rather than the expected 0.11% wt. TiO2
at the edge of a compression specimen. However, mi-
croprobe analysis of the center of the same compression
specimen showed that the equivalent TiO2 concentra-
tion was 0.09% wt. The titanium concentration of the
second doped composition (0.25% wt. Ti2O3) was be-
tween 0.20 and 0.25% wt. Ti2O3 in the crystal. The
cathodoluminescence color of an as-doped sample was
intense red—characteristic of Ti+3. The cathodolumi-
nescence color of heat-treated sample was pale bluish
white—characteristic of Ti+4. These colors suggest that
all Ti+3 was converted into Ti+4 upon heat treatment.

No precipitates could be detected under the transmit-
ted light microscope (up to 1000×) after heat treatment
of any Ti doped samples. The transmission electron mi-
crographs in Fig. 2 show matrix (1), twinned region (2),
and the matrix/twin boundary of 0.10% wt. doped sap-

TABLE I Compressive strength of sapphire as a function of Ti dopant
concentration and surface polishing technique

σmax

No. of σtwin, σmax, Range
Sample Samples (MPa)∗ (MPa)∗ (MPa)

Undoped Sapphire
Mechanical Polish 7 128± 18 162± 17 135–180
Mechanical Polish+ 4 326± 57 398± 25 361–413

Heat treatment at
1650◦C for
24 hours

0.25% Ti2O3-doped
Ti3+, Mechanical 2 118 142 101–183

Polish
0.050% Ti2O3-doped

Ti4+, Mechanical Polish 3 245± 18 374± 54 327–434
Ti4+, Mechanical Polish+ 2 300 424 342–507

Borax etch
0.10% Ti2O3-doped

Ti4+, Mechanical Polish 7 332± 38 437± 66 332–542
Ti4+, Mechanical Polish+ 2 235 330 289–372

Borax etch
0.25% Ti2O3-doped

Ti4+, Mechanical Polish 11 331± 61 441± 57 360–451
Ti4+, Mechanical Polish+ 3 Not 615± 29 597–649

Borax etch observed
Ti4+, Mechanical Polish+ 3 297± 46 424± 64 357–485

controlled scratch

∗Mean± standard deviation.

phire. Fig. 2b and c show that the twin boundary is free
of precipitates and defects. This finding suggests that
Ti4+ enters the sapphire lattice most likely as a substi-
tutional ion on aluminum sites.

4.2. Compressive strength
Compressive strengths are listed in Table I.σtwin is
the stress at which the first twin was observed.σmax
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TABLE I I The effect of titanium doping on twin growth

Sample Twin width,µm

Undoped, as-polished 175
Ti4+ from 0.10% wt. Ti2O3 doping 31
Ti4+ from 0.25% wt. Ti2O3 doping 18
Ti3+ from 0.25% wt. Ti2O3 doping 40

is the maximum stress in the specimen before it failed.
σmax is considered to be the compressive strength of the
specimen.

There is no significant difference in twin initiation
stress or compressive strength of undoped and Ti3+
doped as-polished samples in Table I. When doped ma-
terial is annealed at 1650◦C to convert Ti3+ to Ti4+,σtwin
andσmax both increase significantly. However, if un-
doped sapphire is annealed under the same conditions,
σtwin andσmax increase also. Ti4+ doped sapphire does
not have significantly higher strength than undoped sap-
phire subjected to the same annealing.

The most significant effect of Ti doping was, how-
ever, to slow down the twin propagation rate signifi-
cantly over the undoped samples, as observed by video
imaging recorded under polarized light, and as illus-
trated by the twin widths listed in Table II. Undoped
samples failed within 12–15 s from the start of testing
while Ti4+-doped samples failed 30 s or more after the
test started. In obtaining the twin width data in Table II,
samples were loaded just above the twin initiation stress
and then the tests were stopped and twin widths were
measured under polarized light with a light microscope.
Twin width decreased with increasing Ti4+ dopant con-
centration. Furthermore, when the sides of Ti4+-doped
samples are ground (260 grit fixed abrasive diamond)
to introduce controlled surface flaws for twin initiation,
the compressive strength did not change significantly
for 0.25% wt. Ti2O3-doped samples, as shown by the
last entry in Table I. These observations and the data
in Table II clearly suggest that titanium doping signifi-
cantly reduces the twin propagation rate.

Ti3+-doped (0.25% wt.) and undoped samples
showed similar strengths, 142 MPa and 162 MPa, re-
spectively. Upon oxidation of Ti3+ to Ti4+, it is likely
that as Ti4+ ion replaces Al3+ in the crystal, aluminum
vacancies form to maintain the charge balance [5, 6].
The position of vacancies in the crystal structure is not
known, but it is possible that they may create stacking
faults on the twin planes, thus making twin propagation
more difficult.

TABLE I I I Indentation fracture toughness of sapphire on primary (011̄2) and secondary (̄1012) twin planes

Basal Twin Length
KIC (MPa·m1/2) (microns)

Sample (01̄12) (1̄012) a-plane

Undoped 1.87 (±0.13) 1.40 (±0.14) 261
Undoped heat treated at 1.50 (±0.17) 1.37 (±0.34) 171

1650◦C, 24 hrs.
Ti3+ from 0.25% wt. Ti2O3 1.93 (±0.24) 1.66 (±0.19) 73
Ti4+ from 0.25% wt. Ti2O3 1.96 (±0.29) 1.76 (±0.32) 25
Ti4+ from 0.10% wt. Ti2O3 1.98 (±0.23) 1.58 (±0.25) 23

Table II shows that as the Ti4+ concentration in-
creases, the twin width decreases. This is consistent
with the observation during 600◦C compression testing
that fewer twins form and they tend to run slower in
the Ti4+ doped samples. That is, the twins widen and
move forward from the edge into the specimen more
slowly when Ti4+ is present. In Ti3+-doped samples,
even though twin widths are relatively narrow, many
more twins form and tend to grow together, which ac-
counts for the lower strength (142 MPa) of Ti3+-doped
samples.

Ionic size mismatch alone is not responsible for the
observed strengthening effect, if one recalls that the
ionic size of Al3+ is 0.53Å, Ti3+ is 0.76Å, and Ti4+
is 0.65Å in six-fold coordination. Ti3+ is larger than
Ti4+, but Ti4+ exerts a greater effect in retarding twin
propagation.

To reduce the effects of machining damage in Ti4+
doped samples, a borax etching method was developed.
Samples were exposed to molten borax at 910◦C for
2 min per cycle. As estimated from mass loss, each cy-
cle removed 10 microns of material from the sample
surfaces. Optical microscope images taken from the
etched surfaces of 0.25% wt. Ti2O3-doped sample re-
vealed that the extent of machining damage could be as
deep as 40µm as illustrated in Fig. 3. As the number
of etch pits decreases in Fig. 3, the number of defects
decreases.

The greatest strength increase was achieved when the
mechanically polished surfaces of 0.25% wt. Ti-doped
samples were chemically polished using molten bo-
rax. In these samples twin initiation stress could not be
recorded since no twins were observed prior to mechan-
ical failure. Samples failed in a typical brittle manner,
with an average compressive strength of 615± 29 MPa.

These results suggest that Ti4+ doping combined
with removal of machining damage from the surface
can increase the maximum compressive strength of
sapphire. Twin initiation can be avoided by eliminat-
ing gross machining defects, which cause premature
failures.

4.3. Indentation fracture toughness
Room temperature micro-indentation tests were car-
ried out on a-planes of undoped, Ti3+ 0.25% wt., Ti4+
0.25% wt., and Ti4+ 0.11% wt doped sapphire. Frac-
ture toughness values on primary (011̄2) and secondary
(1̄012) twin planes are shown in Table III. The average
fracture toughness values on the secondary twin planes
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(a)

(b)

Figure 4 Basal twins and indentation micro cracks formed on thea-plane around the indents of Ti4+-doped sapphire from 0.10% wt. Ti2O3. (a) Doped
and (b) Undoped sapphire surfaces. Arrow indicates primary twin trace.

are slightly less than what is measured on primary twin
planes for all the samples, but the differences are within
the standard deviations. Overall, fracture toughness val-
ues are lower than what is reported in the literature
[12, 17]. Iwasa and Bradt [17] measured the room tem-
perature fracture toughness of undoped sapphire as 2.38
and 2.43 after introducing a controlled micro-cracks on
r - anda-planes of a flexure test sample, respectively.
Smith and Pletka [12] reported the fracture toughness
of 0.05% wt. Ti4+ and Ti3+ samples as 2.61 and 2.66,
respectively, using micro-indentation on basal planes of
sapphire with Vickers indenter diagonals aligned par-
allel toa- andm-planes. The present results are signif-
icantly lower than those of Pletka, because significant
amounts of basal twinning occurred, especially in un-
doped and Ti3+-doped samples, as shown in Fig. 4 and
Table III. This means that some of the energy was used

for basal twin formation instead of crack propagation
on twin planes. Therefore, fracture toughness values
of undoped and Ti3+-doped samples are likely to be
overestimated. The fracture toughness of Ti4+-doped
sapphire is therefore greater than the toughness of un-
doped or Ti3+-doped material, for crack propagation on
ther -planes.

4.4. Optical and thermal properties
Infrared transmission and optical scatter of undoped
and doped samples before and after heat treatment are
shown in Table IV. The scatter at 3.39µm in all samples
is quite low and in a reasonable range for an infrared
optical window. The transmission data also suggest that
titanium doping and subsequent heat treatment have
little effect on infrared transmission. Fig. 5 compares
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TABLE IV Infrared total integrated scatter and infrared transmission
at 3.39µm in undoped, Ti3+, and Ti4+ doped sapphire. (1.5 mm thick
c-plane disks)

Transmission
Sample Scatter at 3.39µm∗ at 3.39µm, %

Undoped 0.28± 0.05% 87.1
Ti3+ from 0.10% wt. Ti2O3 0.35± 0.10% 86.5
Ti4+ from 0.10% wt. Ti2O3 0.35± 0.07% 85.8
Ti4+ from 0.25% wt. Ti2O3 — 85.0

∗Total integrated scatter in forward hemisphere measured between 2.5◦
and 70◦ from specular direction.

TABLE V Thermal conductivity of undoped and Ti-doped sapphire

Thermal conductivity
W/m·K

Sample 25◦C 300◦C 600◦C

Undoped 37.1 15.4 10.3
Ti4+ from 0.10% wt. Ti2O3 36.8 14.6 10.0
Ti4+ from 0.25% wt. Ti2O3 37.1 15.5 10.6

Figure 5 Emittance at a wavelength of 5µm from Ti4+-dopedc-plane
sapphire prepared from 0.25% wt. Ti2O3 that was heated to 1650◦C in
air for 48 h to produce a very pale pink disk with a thickness of 3.44 mm.
For comparison, the emittance of 3.44-mm-thickc-plane sapphire com-
puted with absorption coefficients and refractive index from the program
OPTIMATRr [18] is shown.

the measured emittance of Ti4+-doped sapphire at a
wavelength of 5µm with the emittance expected for
pure sapphire of the same thickness. The two curves
are generally within 10% of each other.

Thermal conductivities of both undoped and doped
sapphire in Table V decrease with increasing tempera-
ture. However, Ti4+ doping does not degrade the ther-
mal conductivity of sapphire between room tempera-
ture and 600◦C.

5. Conclusions
• Heat treatment of Ti3+ doped and undoped sap-

phire more than doubles thec-axis compressive
strength of sapphire at 600◦C.
• Doping the sapphire crystal with Ti4+ ions does not

further increase strength, but slows twin bound-
ary movement during rhombohedral twinning at

600◦C. Twin width decreases with increasing Ti4+
concentration.
• Elimination of surface/subsurface machining dam-

age by chemical polishing is very effective in rais-
ing the twin initiation stress and the compressive
strength of sapphire. A combination of Ti4+ dop-
ing and surface treatment increased the compres-
sive strength of 0.25% wt. Ti2O3 doped sapphire to
615 MPa without any observable twin formation.
• Titanium doping and subsequent heat treatment

have little effect on the infrared transmission, emis-
sion, and optical scatter of sapphire.
• Titanium doping does not affect the thermal con-

ductivity of sapphire up to 600◦C.
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