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Ion implantation with 11B+ or 28Si+ at 1000◦C doubled the ring-on-ring flexure strength of
c-plane sapphire disks tested at 300◦C but had little effect on strength at 500 or 600◦C. Disks
were implanted on the tensile surface with 2× 1017 B/cm2 (half at 40 keV and half at 160 keV)
or 1× 1017 Si/cm2 (80 keV). Sapphire implanted with 1× 1018 B/cm2 had only half as much
flexure strength at 300◦ or 500◦C as sapphire implanted with 2× 1017 B/cm2. Implantation
with B, Si, N, Fe or Cr had no effect on the c-axis compressive strength of sapphire at 600◦C.
Boron ion implantation (2× 1017 B/cm2, half at 40 keV and half at 160 keV) induced a
compressive surface force per unit length of 1.9× 102 N/m at 20◦ and 1.4× 102 N/m at
600◦C. The infrared emittance at 550–800◦ of B-implanted sapphire at a wavelength of 5µm
increased by 10–15% over that of unimplanted sapphire. Infrared transmittance of sapphire
implanted with B, Si or N at either 1000◦C or 25◦C is within ∼1–3% of that of unimplanted
material at 3.3µm. Implantation with Fe or Cr at 25◦C decreases the transmittance by 4–8%
at 3.3µm, but implantation at 1000◦C decreased transmittance by only 2–4% compared to
unimplanted material. C© 2001 Kluwer Academic Publishers

1. Introduction
Sapphire (α-Al2O3) is the most durable, commercially
available infrared window material [1]. Although it has
good thermal shock resistance, it can shatter if it is
heated or cooled too rapidly. One limitation on the ther-
mal shock resistance of sapphire is its loss of mechan-
ical strength at elevated temperature [2–9].

McHargueet al. showed that ion implantation of sap-
phire at ambient temperature with 180 keV Cr+ ions
at a fluence of∼1× 1017/cm2 increased the ambient-
temperature 4-point flexure strength by∼50% when
tension was along the crystala- or c-axes [10–12].
Strengthening was attributed to the compressive stress
of∼1 GPa in the implanted layer on the tensile surface
of the flexure bar [10–14]. Before fracture can occur,
the applied tensile load must overcome the compressive
stress in the surface layer. The depth of the implanted
ions is only∼0.16µm. Cr+ implantation increased the
hardness of sapphire by∼35% (with a 0.5–1 N load)
but had little effect on the elastic modulus. Many other
studies of ion implantation into sapphire have been re-
ported [15–21]. Hiokiet al. [22] observed that the flex-
ure strength of sapphire increased by 30–50% at am-

bient temperature upon implantation with nitrogen or
nickel.

The thermal shock failure of glass and single-crystal
MgO implanted by 70 keV Si− ions has also been
studied [23]. Material implanted with 5× 1014 to
5× 1016 ions/cm2 broke into many more fragments
than unimplanted material during thermal shock fail-
ure. The thermal shock resistance of MgO was di-
minished by Si− implantation. For glass, a fluence of
5× 1014/cm2 increased the thermal shock resistance,
while a fluence of 5× 1016/cm2 decreased the thermal
shock resistance.

The present work explores the possibility that ion
implantation could increase the flexure or compressive
strength of sapphire at 600◦C. A preliminary report of
the results has appeared [24].

2. Experimental
“Hemlux” grade sapphire from Crystal Systems (Salem,
Massachusetts) was fabricated into test coupons at
Boston Piezo-Optics (Medway, Massachusetts). For
most flexure testing,c-plane (0001) disks with a di-
ameter of 38 mm and a thickness of 2 mm were used.
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Figure 1 (a) Cross section of compression bar. (b) Configuration for ion
implantation of compression bars.

Compression tests used rectangular bars with dimen-
sions of 6.53× 6.35× 12.7 mm with compression
along thec-axis parallel to the 12.7-mm side. The four
long edges were chamfered, as shown in Fig. 1a, and
all surfaces including the chamfers were optically pol-
ished. For some experiments,c-plane disks with a diam-
eter of 38 mm and a thickness of 1 mm were fabricated
at Insaco (Quakertown, Pennsylvania) and annealed at
1200◦C in air for 24 h prior to implantation.

Ion implantation was conducted at≤1µtorr pressure
at Epion (Billerica, Massachusetts) using a 200 keV
medium current semiconductor ion implantation sys-
tem which was modified to allow the material being
implanted to be heated to≤1200◦C within a cylindri-
cal tube furnace. Specimens were held at 1000◦C for
most implantations. Specimens implanted at “ambient”
temperature were not deliberately heated, but probably
attained a temperature of 50–100◦C. Samples for im-
plantation were transferred through a vacuum loadlock
using a graphite holder attached to a magnetically cou-
pled vacuum transport assembly. Sapphire disks were
implanted at normal incidence onto the tensile surface
only. Compression bars were implanted in groups of 3
as shown in Fig. 1b. The four 6.35× 12.7-mm surfaces
were implanted in four steps with 90◦ rotations between
steps. The 6.53× 6.35-mm ends were not implanted.

Mechanical testing was conducted with an Instron
machine at the University of Dayton Research Insti-
tute (Dayton, Ohio) in air with a crosshead speed of
0.508 mm/min. Specimens were heated at 10◦C/min
and left at the final temperature for 10 min before test-
ing. For compression tests, the long axis of the bar was
placed between ground silicon carbide transfer plates in
the testing machine. A 0.12-mm-thick sheet of Garlock

900 Grafoilr (corrugated graphite from UCAR Carbon
Co., Cleveland, Ohio.) was placed between the speci-
men and the silicon carbide to help make the loading
more uniform. For disk flexure tests, the silicon car-
bide load ring had a radius of 7.94 mm and the silicon
carbide support ring had a radius of 15.88 mm. Some
tests were conducted with Grafoil sheets between the
sapphire and the silicon carbide and other tests did not
include Grafoil, as specified in the tables of results.
Flexure strength was computed with the equation

Equibiaxial stress within load radius

= 3P(1− ν)

4πd2

(
b2− a2

c2
− 2

1+ ν
1− ν ln

a

b

)
(1)

whereP is the applied load,v is Poisson’s ratio (taken
as 0.25),d is the thickness of the disk,a is the load ring
radius,b is the support ring radius, andc is the disk
radius.

Infrared transmission spectra were recorded with a
Perkin Elmer 1615 FTIR instrument. Infrared emittance
was measured at the Johns Hopkins University Applied
Physics Laboratory with an emissometer described pre-
viously [25]. Sapphire was heated from the back sur-
face by a CO2 laser at 10.6µm while emission from
the front surface was measured with a Bomen DA3 in-
terferometer. 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.

Implantation-induced surface stress was calculated
from the curvature of an implanted wafer. Ac-plane
sapphire wafer (25.4 mm diameter×0.254 mm thick)
with one fine ground surface and one polished sur-
face was concave on the polished side after annealing
at 1400◦C. The radius of curvature was measured by
laser deflection while heating the disk between 20 and
600◦C, and during cooldown. The curvature returned
to its initial value upon cooling to 20◦C. The wafer was
implanted at 1000◦C on the polished surface and then
the curvature was measured again. The surface force
per unit length was computed from the formula [26]

Surface force per unit length= 1

6

(
E

1− ν
)

t2

R
(2)

whereE is Young’s modulus (taken as 344 GPa),ν is
Poisson’s ratio (taken as 0.25),t is the thickness of the
wafer, andR is the radius of curvature. (In this experi-
ment, a ground surface was thought to be necessary for
the laser deflection measurement. If we were to repeat
the experiment, both surfaces would be polished and
one surface would be coated with an opaque, low stress
coating such as tungsten.)

3. Results and discussion
3.1. Effect of implantation conditions on

infrared transmittance and emittance
Preliminary experiments with Cr+ indicated that in-
frared transmittance is degraded when ion implanta-
tion is performed on a sapphire substrate at ambi-
ent temperature. Fig. 2 shows the effect of implanting
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Figure 2 Infrared transmission of sapphire implanted on one side with
1× 1017/cm2 52Cr+ at 150 keV.

150 keV Cr+ at a fluence of 1× 1017/cm2. If the sap-
phire was maintained at 800◦C during implantation, the
infrared transmittance was nearly unchanged. A signif-
icant loss in transmittance occurred if implantation was
conducted at ambient temperature. Annealing the cold-
implanted material at 800◦C for 60 min (the approx-
imate time required for implantation), did not restore
the transmittance.

An implantation temperature of 1000◦C and a fluence
of 1× 1017/cm2 was chosen for samples in the present
study. Fig. 3 shows the transmittance of sapphire im-
planted with11B+, 14N+2 , 28Si+, 52Cr+, or 56Fe+. B,
N and Si-implanted sapphire did not suffer very much
transmittance loss when implantation was carried out
at ambient temperature. Sapphire implanted with Cr or
Fe at ambient temperature or elevated temperature was
visibly darkened. Sapphire implanted with Si at ambi-

Figure 3 Infrared transmission of sapphire implanted on one side with
1× 1017/cm2 11B+, 28Si+, 52Cr+, 56Fe+, or 14N+ at 150 keV. Spectra
are offset for clarity. The unimplanted material serves as a baseline for
each set of measurements.

Figure 4 Emittance of 1.0-mm thick, boron ion-implanted sapphire
(1× 1017/cm2 at 150 keV on one side). Data from M. E. Thomas, M. J.
Linevsky and J. W. Giles, Johns Hopkins University Applied Physics
Laboratory.

ent temperature, but not at 1000◦C, was darkened also.
Implantation with B or N at either temperature gave
clear, colorless material.

Because of our interest in using ion implanted sap-
phire as an infrared window for elevated temperature
operation, it was important to see if the infrared emit-
tance was affected by implantation. Fig. 4 shows that
B-implanted sapphire (1× 1017/cm2 at 150 keV) has
approximately 10–15% greater emittance than unim-
planted sapphire at 5µm wavelength.

3.2. Effect of implantation on c-axis
compressive strength

c-Axis compression bars were implanted on their 4
long faces (but not on the ends) as shown in Fig. 1.
Ion energies were chosen so that the mean depth of
implantation would be approximately 0.05µm. During
implantation, two faces of each sample were presented
to the ion beam at 45◦ incidence. Each sample was ro-
tated by 90◦ 4 times to complete the implantation. The
total fluence was chosen to be equivalent to a normal
fluence of 1× 1017/cm2. Fig. 5 shows two data points
for each ion species implanted at 1000◦C or at am-
bient temperature. There appear to be no significant
differences inc-axis compressive strength among any
of the implanted specimens and the unimplanted ma-
terial. The near coincidence of the two measurements

Figure 5 c-Axis compressive strength of sapphire bars (6.35× 6.35×
12.7 mm, Fig. 1a) implanted with52Cr+ (150 eV),28Si+ (80 eV),11B+
(30 eV),14N+2 (100 eV), or56Fe+ (150 eV) at 1000◦C or at ambient tem-
perature. The fluence for each ion species except N+

2 was 1.4× 1017/cm2

at 45◦ incidence. For N+2 the fluence was 0.7× 1017/cm2 so that the same
number of atoms was implanted. Circles show the 2 data points for each
condition except Fe at ambient temperature, which has just 1 point.
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TABLE I Flexure strength of sapphire

Strength± standard deviation (MPa) [number of specimens]Strength test
Specimen and Implantation temperature
treatmenta temperature [Grafoil?] Unimplanted B Si N Fe Cr

c-plane disk 1000◦C 300◦C 322± 57 707± 59b 644± 167c 529± 118 546± 68 440± 142
38 mmφ× 2 mm thick [no Grafoil] [6] [6] [6] [6] [6] [5]
c-plane disk 1000◦C 500◦C 1298± 364 1508± 596d 1518± 463e

38 mmφ× 1 mm thick [with Grafoil] [5] [5] [5]
a-plane disk 1000◦C 600◦C 245± 29 252± 18b

38 mmφ× 2 mm thick [no Grafoil] [5] [5]
a-plane 4-pt flexure barf 1000◦C 600◦C 513± 110 690± 191b

3× 4× 45 mm [no Grafoil] [24] [4]

aN, Fe and Cr were implanted at energies of 50, 150, and 160 keV, respectively, all at a fluence of 1× 1017/cm2 on the tensile surface of the test
specimen.
bDouble implantation of B on tensile surface: 1× 1017/cm2 at 160 keV and 1× 1017/cm2 at 40 keV.
cSi implantation at 80 keV at 1× 1017/cm2 on the tensile surface.
dB implantation at 40 keV at 2× 1017/cm2 on tensile surface.
eSi implantation at 80 keV at 2× 1017/cm2 on the tensile surface.
fTension was along them-axis and the load was applied parallel to thea-axis.m was parallel to the 45-mm edge,a was parallel to the 3 mm edge,
andc was parallel to the 4-mm edge.

Figure 6 Ring-on-ring flexure strength of 38-mm-diameter× 2.0-mm-
thick c-plane sapphire disks measured at 300◦C. Implants were per-
formed only on the tensile surface with a fluence of 1× 1017/cm2 at
normal incidence. Implantation energies were N, 50 keV; Si, 80 keV,
Fe, 160 keV and Cr, 150 keV. In the case of boron, the disks received
1× 1017/cm2 at 40 keV plus 1× 1017/cm2 at 160 keV. Circles are data
points. Diamonds are mean values and error bars show±1 standard
deviation.

for unimplanted material is unusual. The scatter seen in
implanted specimens is normal in our experience with
sapphire.

3.3. Effect of implantation on flexure
strength at 300◦C

Results in Fig. 6 and the first row of Table I show that
c-plane sapphire disks (2-mm-thick× 38 mm diame-
ter) implanted with B or Si on the tensile surface had
approximately twice the strength of unimplanted mate-
rial when tested at 300◦C without Grafoil between the
disk and the load rings. N, Fe and Cr implantation also
enhanced flexure strength at 300◦C, but not as much as
B and Si.

Double implantation of boron at 40 and 160 keV in
Table I was an accidental condition. Experiments in

Table II were performed to try to simplify the boron
implantation. Baseline, untreated sapphire in Set A had
a strength of 322 MPa. Annealing at 1000◦C for 75 min
in vacuum (similar to the implantation conditions) did
not significantly alter the strength in Set B. Lowering
the implantation temperature from 1000◦C to ambient
temperature in Set C did not improve the strength com-
pared to unimplanted sapphire. Implanting at ambient
temperature and then annealing at 1000◦C in Set D
also gave no strengthening. Using single implantations
of 1× 1017/cm2 at either 40 keV (Set F) or 160 keV
(Set G) also gave no strength enhancement. Implanta-
tion (Set E) with 1× 1017/cm2 at 40 keV plus implan-
tation with 1× 1017/cm2 at 160 keV at 1000◦C dou-
bled the strength of sapphire at 300◦C, but no other
treatment in Table II provided any strengthening. We
expected to see strengthening in either or both of Sets
F and G. The negative results might indicate that a dose
of 1× 1017/cm2 at 1000◦C is ineffective, while a dose
of 2× 1017/cm2 at 1000◦C is effective.

While the experiments in Table II were in progress,
an independent investigation was initiated to try to de-
crease the contribution ofc-axis contact compression
in equibiaxial flexure disk experiments [27]. It was de-
cided to decrease the disk thickness from 2 mm to 1 mm
and use a thin sheet of Grafoil to cushion the contact be-
tween the load rings and test specimen. These measures
increased the apparent strength ofc-plane sapphire at
300◦ from 322 MPa (Table II, Set A) to 1274 MPa
(Table III, Set A). Unfortunately, the standard devia-
tion under the new conditions increased from a mean
value of 17% in Table II to a mean value of 43% in
Table III.

Some of the boron implantation experiments of
Table II were repeated with the thinner disk and Grafoil
in Table III. Compared to the strength of unimplanted
material (Set A),double implantation with 1× 1017/cm2

at 40 keV plus 1× 1017/cm2 at 160 keV approximately
doubled the strength (Set B). Implanting the sapphire
on both surfaces (tensile and compressive) in Set C
did not further increase the strength. Implanting with
2× 1017/cm2 at 40 keV (Set E) gave a higher strength
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TABLE I I Ef fect of implantation on flexure strength of sapphire at 300◦C without Grafoila

Implantation Additional Mean strength Number of
Set Implantation temperature annealing ±standard deviation specimens

A Unimplanted - - - - - - 322± 27 6
B Unimplanted - - - 1000◦C/75 min 358± 96 5

in vacuum
C 160 keV B+ ambient - - - 327± 33 5

1× 1017/cm2 and
40 keV B+
1× 1017/cm2

D 160 keV B+ ambient 1000◦C/75 min 268± 48 5
1× 1017/cm2 and in vacuum
40 keV B+
1× 1017/cm2

E 160 keV B+ 1000◦C - - - 707± 59 6
1× 1017/cm2 and
40 keV B+
1× 1017/cm2

F 40 keV B+ 1000◦C - - - 331± 93 5
1× 1017/cm2

G 160 keV B+ 1000◦C - - - 378± 50 5
1× 1017/cm2

a38-mm-diameter× 2.0-mm-thickc-plane disks tested in ring-on-ring flexure without Grafoil.

TABLE I I I Ef fect of implantation on flexure strength of thin sapphire at 300◦C with Grafoila

Implantation Sides Mean strength± Number of
Set Implantation temperature implanted standard deviation specimens

A Unimplanted 1000◦C - - - 1274± 1233b 5
B 160 keV B+ 1000◦C one 2315± 608 5

1× 1017/cm2 and
40 keV B+
1× 1017/cm2

C 160 keV B+ 1000◦C two 1878± 575 5
1× 1017/cm2 and
40 keV B+
1× 1017/cm2

D 160 keV B+ 1000◦C one 1487± 605 5
2× 1017/cm2

E 40 keV B+ 1000◦C one 2091± 459 5
2× 1017/cm2

a38-mm-diameter× 1.0-mm-thickc-plane disks tested in ring-on-ring flexure with Grafoil.
bObserved strength: 3399, 1180, 926, 509, 354 MPa. If the highest and lowest values were dropped as outliers, the remaining data have a mean of
872± 339 MPa.

than implanting with 2× 1017/cm2 at 160 keV (Set D).
This last result combined with results of implantations
at just 40 keV or 160 keV in Table II suggests that a dose
of 2× 1017/cm2 at 40 keV provides strength enhance-
ment while a dose of 1× 1017/cm2 at 40 keV does not.
Either dose at 160 keV did not enhance the strength.

3.4. Effect of implantation on flexure
strength at 500 and 600◦C

Ring-on-ring flexure strength was measured at 500◦C
on 1-mm-thick disks implanted with B or Si and using
Grafoil between the load rings and the sapphire. Fig. 7
and the second row of Table I show that, within the
large standard deviation of the results, implanted disks
are not significantly stronger than unimplanted material
at 500◦C. Boron implantation was also evaluated in me-
chanical tests at 600◦C using 4-point flexure bars and
a-plane flexure disks. Again, no significant strengthen-
ing at 600◦C is noted in Fig. 7 and the last two rows of
Table I.

Figure 7 Comparison of flexure strengths of implanted and unimplanted
materials tested at 300, 500 or 600◦C. Implantation appears to give a
significant strength increase at 300◦C, but not at 500 or 600◦C. Tests
and specimens at each temperature were different, so no comparison
should be made between results at different temperatures. Data come
from Table I. Error bars are±1 standard deviation.

3.5. Effect of B+ dose on flexure strength
at 300 and 500◦C

Table IV lists the strength of sapphire implanted at two
different fluences of11B+. At 300◦C, implantation with
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TABLE IV Ef fect of B+ dose on flexure strength of thin sapphire disks tested with Grafoila

Implantation Sides Mean strength Number of
Set Implantation temperature implanted ± standard deviation specimens

Strength measured at 300◦C:
A Unimplanted 1000◦C - - - 1274± 1233 5
B 40 keV B+ 1000◦C one 2091± 459 5

2× 1017/cm2

C 40 keV B+ 1000◦C one 1260± 615 4
1× 1018/cm2

Strength measured at 500◦C:
D Unimplanted 1000◦C - - - 1298± 364 5
E 40 keV B+ 1000◦C one 1508± 596 5

2× 1017/cm2

F 40 keV B+ 1000◦C one 797± 295 4
1× 1018/cm2

a38-mm-diameter× 1.0-mm-thickc-plane disks tested in ring-on-ring flexure with Grafoil.

2× 1017 B+/cm2 at 40 keV approximately doubled
the strength (Set B vs. Set A). Increasing the dose
to 1× 1018 B+/cm2 reduced the strength back to the
level of unimplanted material (Set C vs. Set A). At
500◦C, sapphire implanted with 2× 1017 B+/cm2 is
marginally stronger than unimplanted material (Set E
vs. Set D). However, increasing the dose to 1× 1018

B+/cm2 reduced the strength by a factor of 2 (Set F vs.
Set E).

3.6. Implantation-induced surface stress
It is generally thought that ion implantation strength-
ens a ceramic by introducing compressive stress into the
surface that must be overcome by tension during a flex-
ure test before failure can occur. In previous work with
sapphire, compressive stresses on the order of∼1 GPa
were observed in the implanted layer [10–14]. We at-
tempted to evaluate the hypothesis that our samples
had significant compressive stress at 300◦C, but not at
500–600◦C. This hypothesis would explain the obser-
vation that the flexure strength of implanted sapphire
was doubled at 300◦C, but was not improved at 500–
600◦C, compared to unimplanted sapphire.

For this purpose, a thin sapphire wafer (0.254 mm
thick) with one polished surface and one ground sur-
face was annealed at 1400◦C and then implanted at
1000◦C on the polished surface. Twyman observed that
if a flat glass disk with two polished surfaces was ground
on one surface, the polished surface became concave
[26, 28, 29]. The ground surface is therefore in com-
pression and the polished surface is in tension. Our
sapphire wafer was also concave on the polished side
prior to ion implantation, with a radius of curvature of
13.9± 1.2 m. From Equation 2 we calculate the tensile
force per unit length to be 3.6× 102 N/m. When heated
to 600◦C, the curvature increased, giving a tensile force
per unit length of 4.8× 102 N/m. Upon cooling, the
wafer returned to its initial curvature.

After implantation at 1000◦C on the polished sur-
face with 1× 1017 11B+/cm2 at 40 keV followed by
1× 1017 11B+/cm2 at 160 keV, the radius of curvature
was 29.4± 2.6 m, giving a tensile force per unit length
of 1.7× 102 N/m. That is,ion implantation decreased
the tensile force in the polished surface. The compres-
sive force per unit length in the implanted surface is

(3.6− 1.7)= 1.9× 102 N/m. If this compressive force
were confined to a uniform layer with a thickness of
0.1µm (the approximate thickness of the implanted
region), the compressive stress in the implanted layer
would be (1.9× 102 N/m)/(0.1µm)= 1.9 GPa.

When the implanted wafer was warmed to 600◦C,
the curvature increased, giving a surface tension of
3.4× 102 N/m. Upon cooling, the initial curvature re-
turned. The difference in tensile force per unit length
between the implanted and unimplanted wafer at 600◦C
is (4.8−3.4)= 1.4× 102 N/m. If this compressive force
were confined to a uniform layer with a thickness of
0.1µm, the compressive stress in the implanted layer
would be 1.4 GPa.

This experiment indicates that at 20◦C, the im-
planted surface has a compressive stress on the order of
∼1.9 GPa. At 600◦C, the apparent compressive stress
is ∼1.4 GPa. The change between 20 and 600◦C is
monotonic. We are unable to conclude that this behavior
can explain why ion implantation increases the flexure
strength of sapphire at 300◦C, but not at 600◦C.

4. Conclusions
The purpose of this work was to see if ion implanta-
tion would increase the flexure strength of sapphire
at elevated temperature. Conditions were found in
which the strength ofc-plane disks at 300◦C was
doubled by implantation at 1000◦C on the tensile
surface with 1× 1017 B+ ions/cm2 at 40 keV plus
1× 1017 B+ ions/cm2 at 160 keV. The same implan-
tation conducted at ambient temperature was not ef-
fective. Annealing the ambient-temperature-implanted
material at 1000◦C failed to strengthen it. The 1000◦C-
implantation had no significant effect on flexure
strength measured at 500◦ or 600◦C. Increasing the
dose of B+ by a factor of 5 from 2× 1017/cm2 to
1× 1018/cm2 decreased the strength by a factor of 2
at 300◦ or 500◦C. The implanted surface has signifi-
cant compressive stress over the entire range from 20
to 600◦C.

Implantation at 1000◦C with 1 or 2× 1017 Si+
ions/cm2 at 80 keV also doubled the flexure strength
of sapphire at 300◦C, but was ineffective at 500◦C. Im-
plantation with N2+, Fe+ or Cr+ at 1000◦C strength-
ened sapphire at 300◦C by 36–69%. None of the ions
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studied affected thec-axis compressive strength of sap-
phire measured at 600◦C.

Boron implantation increased the infrared emittance
of sapphire at 5µm wavelength by 10–15% in the tem-
perature range 550–800◦C. There was little effect on
the ambient-temperature infrared transmission spec-
trum. Implantation with Cr+ or Fe+ at ambient temper-
ature decreased the infrared transmittance of sapphire
by 4–8% at 3.3µm, but implantation at 1000◦C induced
only half as much optical degradation.
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