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ABSTRACT

Dense (z 99%), fine gralned (- 1-5 ) samples of tltania doped
Aly0, and MgAl;04 have been fabricated by pressure calcintering. Extremely
high values of Young's modulus have been reallzed in these materials;
average values were 66 x 106 psi for A1203, 47 x 105 for spinel. Composites
were formed by the addition of nichrome wire mesh, single crystal sapphire
fiber, and sapphire whiskers. Microstructural examination shows little or
no degradation of the wire reinforcement, but the sapphire fibers and
whiskers recrystallize and tend to dissolwve in the ceramic matrices. Dia-
metral compression tensile strengths are lowered by the inclusfon of nichrome
wire, but the resultant composites absorb significant amounts of energy
during testing after the initial crack. Mechanical prcperties of sapphire-
A1203/MgAl204 composites were unimpressive with the exception of single
crystal fiber - MgAl?04 cowposites. The inclusion of single crystal sapphire
fibers in the spinel matrix resulted in a higher ultimate teasile strength
than that of the unreinforced spinel ceramic.

This abstract 18 subject to speclal ®xport controls and each transmittal
to forefgn govemments or foreign nationals may be made only with prior
approvzl of the Air Force Materials Laboratory (MAMC), Wright-Patterson
Alr Force Base, Ohio 45433.
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EINTRODUCTION

Extremely high hardness and compressive strength are required of
materlals for ballistic armor. Weight conslderations often restrict bal-
listic materials to those with densities less than 4-5 g/cc. Dbense, fine
grained polycrystalline ceramics are obviously best suited to these require-
ments. lowever, ceramics are characteristically brittle at ambilent tempera-
ture., Ceramic armor fractures catastrophically under the impact of a
projectile and offers little or no 'second hit" capability.

Metal wire reinforced ceramics would seem to offer the desirable
ceramic properties as well as the toughness required for ballistic applica-
tions. Metal wires well bonded in a ceramic matrix should adsorb significant
amounts of ballistic impact energy by plastic deformation, holding the
ceramic matrix together to prevent catastrophic failure. The higher coef-
ficfent of thermal expansion of most metals will leave a4 ceramic matrix
in compression after cooling from forming temperatures. As ceramice
normally fracture in tension, a residual compressive stress strengthens

the material, This effect is already urilized in tempered glass and pre-
stressed concrete,

Metal wire-ceramic composites are extremely difficult to fabricate
by -conventional ceramic forming methods. Sintering and hot pressing of
the metal oxides, borides, and carbides of interest for balligtic armor
application must normally be done at very high temperatures, tysically 1500°C
and higher; many metals would be molten, or, if the forming were done in
alr, most would oxidize and degrade badly, While some noble metal alloys
are stable in air at elevated temperatures, they do not have the combination
of high strength and toughness required for ballistic applications. Further-
more, many ceramic-metal systems are not chemically compatible at elevated
temperatures. However, the use of low temperature forming methods and
oxidation resistant metals would seem to be a solution to the problems in-
herent in the fabrication of metal wire-ceramic composites in air.

The approach taken in this investigation 1s to form compusites
of nichrome wire with alumina or magnesium aluminate at relatively low
temperatures by pressure calcintering. Nichrome is stable in air to v 1100°C
and possesses good strength and ductility. Alumina and spinel are very
hard and strong in compression, making them ideal candidates for ballistic
armor. Pressure calcintering, the hot pressing of a decomposing precursor,
has been shown to be a feasible method for the low temperature fabrication
of small, fully dense, fine grained ceramics.l-3 At least six groups around
the world are currently investigating aspects of this process.

Recent work® has shown that very good uniformity and translucency
are obtained in pressure calcintered composites of magnesia and stainless




steel wire. More uniform heating within che sample, which decumposes in a

strongly endothernic reaction, due to the high thermal corductivity of
the moral wwircs 15 alhileved. These researchers also found that the quality

cf pressute calcintered magnesia ceramics 1s very sensitive to starting
materials.

A major objective of the present investigation is to develop
pracursors which pressure calcinter to fully dense, finc grained alumina
and magnesium aluminate, and to optimize the chemistry of these starting
powders., Further objectives are to demonstrate the feasibilicy of forming
small samples of nichrome wire reinforced alumina and spinel by pressure

calcintering, to optimize the forming parameters, and to characterize the
mechanical properties of these materials.

The ultimate tensile strength of ceramic materials might also be
increased by the incorporation of high modulus filaments such as single
crystal sapphire whiskers or fibers. A finai cobjective of the present work
is to investigate the feasibility of strengthening pressure calcintered

alumina and spinel ceramics by the incorporacion of single crystal sapphire
whiskers or fibers.




SECTION I1I

MATERIALS

It i3 extremely important in low temperature/short time forming
operations, as outlined here, that the most intimate mixing possible of
reacting components be achieved. This can be done by co-precipitation
techniques. However, many such techniques suffer from disadvantages such
as adsorpticn and retention of unwanted and deleterious anionic components,
chloride, nitrate, etc., or anionic impurities such as ammonium ions. To
avoid this, hydroxides were instead precipitated by hydrolysis with water

from alkoxides and the alcohol byproducts evaporated off. Tedlous washing
and filtering procedures were thus avoided.

1. Alumina

Titania doped alumina ceramics were made from AL(OCi)y + ¥ 2%
Ti(0H)4. The Al{OH) 1 was obtained commerciallv* and was doved as follows:
A slurry of AL(OH)q in acetone was blended in a large (5 liters) stainless
steel electric blender. The Ti+4 was adaed as a liquid titanium tetraiso-
propylate,** Ti[0Cjl7],, to the slurry of AL(OH)3 in acetone and thoroughly
blended. The liquid titanium tetraisopropylate is soluble in acetone and, thus,
becomes very intimately mixed into the slurry. The quantity of titanium
tetraisopropylate added to the slurry was 8.72%, by weight, of the Al(OH)1q;
this quantity will tieoretically yield 2.38™/o Ti(OH), in Al1(OH)4. Distilled
water was added dropwise to the blending slurry, 8 moles of water per nole
of Ti[0C3H7]4, according to the following reaction:

° - 1
'11[0C3H7]4 + 4H,0 - TL(UH)  + & CH. O (1)

The quantity of water added is twice the amount required to insure completion
of the hydrolysis reaction. The slurry was then transferred to a pyrex
beaker and the acetone-alcohol-water allowed to evaporate in air, The
resulting powder was AL(OH)j very intimately mixed with Ti(OH),4. During hot
pressing, to be described in a later section, the hydroxides decompose to
form A1203 + 4.76™/o TiOp. Chemical analyses of C31 A1(OH)3, the Al(OH)3

+ Ti(0H), powder, and a resulting Al303 + T10 ceramic sample are given In
Tables 1 and 2. A thermogravimetvic analysis (TGA) of the powder is given

in Figure 1. The TGA was performed*** at a constant heating rate of 5°C/
min in an air atmosphere.

2. Spinel

L the carly stages of this investigation magnesium aluminate was
made with excess magnesia (1 Mg0:0.9 Al;03). The excess magnesla 1s an

ALCOA C31 hydr;ted alumina, a product of the Aluminum Company of America,
Pittsburgh, Pa,

**Titaniunm tetraisopropylate, K & K Chemicals, Plainview, N.Y.

***Modei 950 thermogravimetric analyzer, E.E. du Pont de Nemours & Co.

(Inc.)
Wilmington, Delaware.
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TABLE 1.  EMISSION SPECTROGRAPHIC CHEMICAL ANALYSIS OF ALCOA C-3) A](OH)3

Weight Percent of A]203
SiO2 0.026
Fe203 .003
TiO2 .00
Na20 .28
Cal .022
Ga203 .006
Mn0 .009
Cr203 .0001
MgO < 0.005 :
Zn0 < 0.005
Cu0 < 0.005
Y205 < 0.001
C12 004
Sb .01 pom
503 .006 ppm
Pb <1 ppm
Hg 100 .ppin
1A
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Table 2. EMISSION SPECTROGRAPHIC CHEMICAL ANALYSIS OF Ti(OH)4 DOPED A](OH)3

AND RESULTING PRESSURE CALCINTERED Ti0, DOPED A1,0, CERAMIC
CONCENTRATION, PPH
Ay B Cu Fe G Mg Na  si Cn
Ti(OK), Doped 2 30 10 45 40 10 0.10¢ 30 N.D.
AT(0H)
Ti0, Doped ND. 10 10 75 125 100  0.10% 50 50
A1,0,

Limits of Detection for elements not detected (N.D.), PPM Ag(1), As(25),
Ba(1), Be(1), Bi(1). Ca(1), Cb{100), cd(10), Co{(10), Cr(i), Ge(5), HY(50),
In(1), Li(25), Mn(1), Mo(100), Ni(10), P(100), Pb(1), Sb(10), Sr(25), Sn(5),
Ta(250), Te(25), V(25), W(250), Zn(10), Zr(50)
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effective grain growth inhibitor. Later, after significant enhancement of
Al,03 ceramics had been realized by doping with titania, the authors began
making titania doped stoichiometric spinel. The Ti10; also inhibits grain

growth 1n spinel, and does not have the objection of pogsible hydration like
the MgO,

The procedure for making the nonstoichiometric spinel precursor,
Mg(OH)2:0.9 Al2(0H)p, was as follows: solid aluminum isopropoxide*
A1[OCH(CH3)2]3 and a solution of magnesfum methylate Mg [O0CH3]2 in methanol**
were separately ignited to determine the weight fractions of Al204 and MgO,
respectively. Typical results were 26.88¥ /o Al203 in aluminum isopropoxide,
23.6 g MgO per liter of magnesium methylate in methanol, The appropriate
quantities of magnesium methylate solution and aluminum isopropoxide to yield
MgO: 0.9 Al703 in the final product were calculated from the gravimetric re-
sults. For the typical values given above 199.88 g aluminum isopropoxide
are required for a liter of magnesium methylate solution. The aluminum
igopropoxide was dissolved in benzene in a S liter stainless steel blender,
after which the magnesium methylate solution was blended in. Distilled
water was added dropwise o the blending solution, 10 moles of water per
mole of Mg[OCH3]ly, to hydrolize the alkoxides as follows:

> B 2
Mg[OCH3]2 + 20,0 + Mg(OH), + 2CH,0H 2)

¢ (3)
Al[OCH(CH3)2]3 + 3n20 - Al(OH)3 + 3‘CH3)2CHOH(isopropyl alcohol.)

H
Mg(OCH,)2 + 2A1 [OCH(CH,),], + 8H)O ~ Mg (OH),.2A1 (OH) ; + 2CH,0

+ 6(CH3)2CH0H (amorphous to X-rays) (4)

The quantity of water added is twice that theoretically required for com
plete hydrolysis. As hydrolysis occurs, Mg(OH)? and Al(OH)q are coprecipi-
tated in an intimate mixture. The resulting slurry was transferred to a

pyrex beaker and the benzene~alcohol-wate- byproducts were allowed to evaporate.

The resultant amorphous (mixed hydroxide) powder*** decomwposes and reacts to
form spinel

Mg (OH), + 2 A1(OH); > MgALl 0, + 4H,0 (5)

(amorphous) (crystalline)
plus excess Mg0 during pressure calcintering.

The procedure for making the titania doped stoichiometric spinel
orecursor 18 similar to the above with the following exceptions: Typically
the quantities of aluminum isopropoxide and magnesium methylate required
were 222.02 g aluminum isopropoxide per liter of magnesium methylate solu-
tion in methanol. To obtain 2™/o TiO; in the MgAl,0,, 0.0139 g titanium
tetraisopropylate per gram aluminum isopropoxide were required. The titanium

*Practical grade aluminum isopropoxide, Chattanooga Chemicals, Chattanooga,
Tenn.

**Magnesium methylate solution in methanol, Morton Chemicals, Chicago, 111.

***The powder 1s probably a hydroxide glass and there is no evidence for the
separate formation of Mg(OH)2 or Al(OH)B.

7
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te raisopropylate was added to the blending aluminum isopropoxide-magnesium
me tny late solution before water was added for hydrolysis. The coprecipita~
tion is the same as above except that Ti(OH), is precipitated {n the Mg(DH)»
AI(OH)3 plass, which reacts to form spinel + Ti10p during hot pressing.

The ovcractive spinel powders pruduced by the above procedures
crack in a "crazy paving" pattern and produce "hour glass" shaped billets
during hot pressing. To avoid these difficulties the powder was heated to
350°C overnight ic obtain partial decomposition. The 350°C temperature

was found empirically; powder heated at that temperature showed uniform
shrinkage during hot pressing. The amount of decomposition that has occurred
after heating at 350°C can be estimated from the TGA diagram shown in Figure
2. The TGA was performed at a constant heating rate of 0.5°C/min. To
achieve higher cold-pressed densities in the spinel precursor, the pre~fired
powder was ball milled overnight and paseed through a 60 mesh sieve, Powder
having been produced and treated by the above procedure still appears amor-

pnous to x-rays.

Typical chemical analyses for the spinel precursor powder and a
spinel ceramic sample hot pressed from the powder are given in Table 3.
Lattice parameter was measured for each batch of spinel produced. A small
amount of the mixed hydroxide powder was calcined ovemight at 1000 C and
the x-ray diffraction pattern of the resultant spinel determined. X-ray
diffraction was measured on a diffractometer* using Ni filtered Cu K
radiation. The diffraction pattems were determined over the range 20 = 10°
to 20 = 150°. Cell size was calculated from each of the four highest angle
peaks. These values were plotted against 20 and extrapolated to 20 = 180°
to determine the lattice parameter. The measured value was 8.082 A in each
case, in excellent agreement with values reported in the literature.

3. Reinforcing Materials

a. Nichrome Mesh

The nichrome mesh** used in this investigation for nichrome-spinel
and nichrome-alumina composites had the following nominal composition:
60 Wi-24 Fe - 16 Cr. The wire was B & 5 gauge 26 (0.018" diameter) and
was woven into a 16 x 16 per inch mesh. The wire mesh was acquired in
sheets from which 0.75" disks were cut on a punch press.

b. Single Crystal Sapphire Fibers

A 10" continuous length of 0.010" diameter single crystal sap-
phire filament was acquired for use in this investigation, The manufacturer***
specifies an average tensile strength greater than 300,000 psi for this
material. Short pieces, 1/4" to 3/4", of sapphire filament were hand broken
from the continuous length for incorporation into composites.

*XRD-5 X-ray Diffraction Unit, General Electric, Milwaukee, Wisconsin.
**Nichrome Wire Cloth, Newark Wire Cloth Co., Harrison, N.J.

***Continuous single crystal sapphire filament, Tyco Laboratories,
Cambridge, Mass.
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Table 3. EMISSION SPECTROGRAPHIC CHEMICAL ANALYSIS OF Ti(OH)4 DOPED SPINEL

PRECURSOR AND RESULTING PRESSURE CALCINTERED TiO2 DOPED MgAIZO4
CERAMIC

CONCENTRATION, PPM

Ag B Cu Fe Ga Ni 51

Ti(OH)4 Doped N.D. 30 35 75 60 N.D. 60

Spinal Precursor

Ti02 Doped 4 H 50 100 100 125 100

MgA1,04
Limits of detection for elements not detected (N.D.), PPM Ag( ), As(25),
Ba(1), Be(1), Bi(1), Ca(l), Cb(100), Cd(10), Co(10), Cr(1), (5) Hg(50),
In(1), Li(25), Mn(1), Mo(100), Na(25), Ni(10), P{100), Pb(1), Sb(10), Sr(25),
sn(10), Ta(250}, Te(25), Vv{(25), W(250), Zn(10), Zr(50)
10



¢. Single Crystal Sapphire Whiskers

The sapphire whiskers* used for composites in this investigation
were loose, bulk whigkers, 0.5 in diameter. The whisker length was 2-20yu.
The manufacturer specifies a tensile strength of 3 to 5 x 106 psi and a
tynical purity of 99 57 with minor AIN impurity and traces of Fe and Si,

Previous investigators8) found 0.5u whiskers more favorable than other
gizes for A1203 composites.

*Type 4~R single crystal sapphire whiskers, General Technologies Co.,
Reston, Va.

11




SECTION III

PRESSURE CALCINTERING

A description of the pressure calcintering process and the equip-
ment used in this work 1s published elsewhere.l™2 A schematic diagram of
the pressure calcintering apparatus is shown in Figure 3. A 50 ton Midvale
Heppenstall platen press and a 10,000 psi hydraulic pump were used to apply
pressure, The graphite* used for punches and dies 1s an extruded spectro-
scopic grade graphite. The material has an apparent porosity of 23%.

A typical time-temperature program and resultant time-density pro-
files for alumina and spinel are shown in Figure 4. The pressure is applied
at room temperature, maintalned constant at 4000 psi to 1000°C, and then at
5000 psi from 1000 to 1350°C., These pressures represent the maximum safe
values for our porous graphite dies. This has become our standard program
for producing small (0.75" dia.), fully dense samples of spinel and alumina,

Spinel and alumina composites reinforced with nichrome mesh were
fabricated as follows: nichrome disks 0.75" in diameter were pressed intc
the die cavity and equally spaced. Any dislcdged graphite was blown out of
the die. With the lower punch in place the precursor powder was gently
vibrated into place between the disks and the upper punch inserted. The
arrangement was such as to produce final specimeng 0.50 to 0,75" thick with
a nichrome disk at each end face and two evenly spaced within,

Single crystal sapphire fibers (0.01" dia.) were incorporated into
spinel and alumina samples in a similar fashion. Four layers of fibers were
uniformly spaced along the length of each sample, with no fibers at the
ends. The lavers were ''crisscrossed," each one turned 90° from its neighbors.
The fibers within a layer were parallel to one another.

Sapphire whiskers were also employed in reinforced spinel and
alumina composites. The whiskers (15 wt, %) were mixed with the ceramic
precursors by adding them to an acetone slurry in a blender (approximate

capaclty is one liter). The resulting powder was then hot pressed in the
usual fashion,

*UF4S Graphite, Ultra Carbon Corporation, Bay City, Michigan,

12
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SECTION 1V

D R e

The samples produced by our standard procedures, which were dis—
cussed in an earlier section, were typlcally dense: > 99% of theoretical
density. A liet of the pressure calcintering runs made during this inves—
tigation, including all the densitlies measured, is given in Table 4.

Following earlier work here, the beneficial effect of TiC2 as a

grain growth inhibitor in Alp03 was confirmed. Approximately 4 Mole Z TiO, in

Al203 was found to be the optimum concentration, The spectacular effect
of the TiC, dopa:it on grain size in pressure calcintered Al203 is apparent
in Figure 5, which compares the doped and undoped material.

Mg0 and TiO, were comparable a8 dopants for MgAlz04; both were
effective as grain growth inhibitors. The investigators have favored TiOj
in order to avoid possible hydration effects from the MgO.

Previous work with pressure calcintering(a) indicated that this
forming method sometimes results in preferred crystallographic orientation
in polycrystal line samples and, naturally, this would affect ballistic
properties. The high values of modulus observed in the early stages of the
work on alumina, which were mecasured between the end faces of the cylincrical
specimens immediately suggested thnat 'texture' could be responsible, This
was found not te be so ‘see section on modulus also). In order to evaluate
the possibility of texture in our pressure calcintered alumina and spinel,
diffraction patterns were taken on the faces of samples parallel and per-
pendicular to the hot-pressing direction. The X~ray diffraction pattemms
were taken with a diffractomever, using Ni-filtered Cu K, radfation.
Relative Intensities were determined by cutting out the peaks on the dilf-
fraction pattern with scissors and welghing them on an analytical balance.
The results of these experiments are given in Tables 5 and §., Small dit-
ferences in dirffracted X-ray intensities can be seen at the different sample
orientations, indicating possibly a small amount of crystallographic tex-
ture. Preliminary efforts to identify the texture using standard pole
figure technlques were inconclusive and were therefore discontirued. The
preferred orientation in these materials, if any, is subtle and would re-
quire a major research effort for complete characterization.

The scanning e¢lectron micyposcope was used to characterize the
microstructures of the 4spinel and. alumina ceramics and composites. The
X-ray fluorescence capability of the microscope was used to great advantage
in determining the extent of reatction between reinforcing wires or fibers
and the ceramic matrices.

Average grain size was determined from the scanning electron
micrographs by simply measuring the image of a typical grain, Fracture
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Table 4, DENSITIES OF PRESSURE CALCINTERED SAMPLES

Sample Density Density, %
Number Material* a/ce Theoretical Comments
503 Al,05 (2" Ti') 2.28 57.2
508 A1203 {undoped)
523 A1,0, (20 Tith
524 " Experiment not completed
526 " 3.98 39.9
531 " 3.61 90.8 BN lined die
532 " 3.75 94.3 1250°C max temp
533 M0, (20 Ti*h) 1250°C max temp
535 ! 3.93 98.6 1300 max temp
536 A1203 {undoped) Experiment not coémpleted
537 M0, (2"0 i*h) 10,000 psi to 300°C
539 A1203 3.94 99.0 ’
543 " 3.96 99.4
548 " Experiment nov completed
552 " 3.07 77.1
556 "
558 " ' 3.88 97.3 1080°C max temp
559 A1203
560 " 3.91 97.9
561 " 1200°C max temp
562 . 3.90 97.8 -
563 " 3.92 98.3 "
564 " 3.97 99.5 "
565 A1203 3.96 99.3 !
566 ! "
567 " 3.90 97.8 "
568 " 3.77 94.6 "
570 " 3.97 99.6 max temp 1250°C
574 " 3.86 96.7 max temp 1200°C
575 A1203 3.86 $6.8 "
576 " 3.96 99,2 max temp 1300°C
579 " 3.97 99.5 "

*
Unless stated otherwise, the level of dopant and hot pressing conditions

are those stated in the text. 16




Table 4. DENSITIES OF PRESSURE CALCINTERED SAMPLES

(continued)

Sample Density Density, %

Number Material* g/cc Theoretical Comments
581 A1203 3.97 99.6 max temp 1300°C
582 " 3.88 97.2 max temp 1250°C
584 " 3.77 94 .5 max temp 1200°C
587 A1,0, (6"0 Ti'%) 97.8 max temp 1250°C
592 A1203 Experiment not completed
593 A1203 - Nichrome 3.94
595 AL0, (2"0 Ti*Y) 3.96 9.2 1250°C max temp
599 A1,0, (6"0 Ti*) 3.96 99.3
601 " 3.80 95.4
604 A1203 3.94 98.7
606 A1,0, (6"0 Ti*?) 3.88 97.3
687 A1203 3.91 98.0 max temp 1300°C
690 " 3.94 98.8
761 " 3.82 95.9
766 " 3.9¢6 99.4
769 " 3.96 99.3
771 " 3.94 98.9
774 A]ZO3 3.95 99.1
775 " 3.94 98.8
778 " 3.95 99.1
781 . Experiment not completed
784 ! 3.93 98.5 ®
788 " 3.97 99.6
826 A1203 - Nichrome
828 A]203 3.94 98.8
831 A1203 - Nichrome
833 " 3.61
838 !

840 A1203 - Nichrome
842 "

845 !

848

W
Unless stateu otherwise, the level of dopant and hot pressing

conditions are those stated in tic¢ text.
17




Table 4. DENSITIES OF PRESSURE CALCINTERED SAMPLES

{roantinuod)
\eontinueg,

-~

Sample Density Density, %
Number Material* _g/cc Theoretical Comments
851 A1203 - sapphire
whiskers 3.92 98.2
853 " 3.79 95.0
855 "
858 " 3.82 95.7
859 !
862 " 3.00 75.2
878 "
886  MgAl,0,(No Ti**) Sample cracked
889 " "
896 " 1.73 48.6 "
899 " 2.61 73.3 "
906 " 2.33 65.4 Sample cracked,
o 1150°C max temp
907 " 1.25 35.1 "
914 " 2.36 66.2 "
916 " "
918 A]ZO3 - Nichrome
927 MgA1204 (No Ti*4) 1.65 . 1150°C max temp,
sample cracked
929 ! "
935 " 3.56 99.9
940 " 2.58 72.4 1100°C max temp
944 " 2.09 58.7 . 1100°C max temp
947 " 3.08 86.4 1250°C max temp
951 " 3.32 93.1 "
952
955 "
957 MgA12 4 - Nichrome
959 "
960 "

*
Unless stated otherwise, the lavel of dopant and hot precsing conditions
are those stated in the text.
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Table 4.  DENSITIES OF PRESSURE CALCINTERED SAMPLES

(continued)
§amp1e Deqsity ggnsityt %_ ) ‘
Nnymper g9/ccC mneorevIcanl LONImeEn Ly

970 MaAl,0, (No Ti*%)
975 "
981 " 3.25 91.2
990 " 3.20 89.8
1000 MgAl,0, - Nichrome 3.49 38.0
100 MgA1204'
1006 " 3.55 99.7
1009 " 3.53 99.0
1010 MgA1204 - Nichrome 3.52
1011 " 3.66
1014 " 3.76
1018 MgA]20 3.50 98.2
1020 " 3.52 98.8
1023 " 3.48 97.7
1025 MgA1204 - Nichrome
1027 MgMzO4 3.54 99.4
1028 A1203 3.95 99.1
1030 A1203 - Nichrome
1034 “
1036 MgAl,0, 3.55 99.2
1038 MgA1204 - Nichrome 3.
1039 A1203 - sgpphire
fibers

1045 MgA1204 = sqpphire

fibers 3.54
1050 A1203 3.81 95.6
1067 MgA]204 - sapphire 3.37

whiskers
1071 A1,04 3.96 99.3
1080 " 3.78 94.9

k
Unless stated otherwise, the level of dopant and hot pressing conditions
are those stated in the text.
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Table 4. DENSITIES OF PRESSURE CALCINTERED SAMPLES
(continued)
Sample Density Density, %
Number _g/cc Theoretical Comments
1101 MgA1204 - sapphire 3.38
whiskers
1138 " 2.95
1151 MgA1204 - sapphire 3.55
fibers
1155 A1203 3.97
1160 MgA1204 - sapphire 3.55
fibers
1164 " 3.55
1175 HgA]204 - wire mesh 3.91
1176 " 3.36
1177 A1203 - sgpphire
fibers
1191 A1203 3.65 99.1
1192 A1203 3.91 98.0
1204 MgA1204 3.56 97.5
1233 MgA1204

*
Unless stated otherwise, the level of dopant and hot pressing
conditions are those stated in the text.
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Figure 5.

i (b)

|
Comparative Microstructures of Pressure Calcintered
A1§03g(a) Undoped, Replica Electron Micrograph, X10,000,

(b)Y "4 m/o T102, Scanning Electron Micrograph, X10,000.
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TABLE 5. )
X~RAY DIFFRACTION DATA FOR PRESSURE CALCINTERED Al1.0

273
/1,

ASTM
hkl // Pressing Direction LPressing Direction Powder Card
012 63 58 47 75
104 128 73 94 90
110 36 45 39 40
113 100 100 100 100
024 50 46 51 45
ne - 121 77 101 80
018 10 12 10 8
124 36 36 39 30
030 61 65 60 50

TABLE 6.
X-RAY DIFFRACTION DATA FOR PRESSURE CALCINTERED MgAl,0,

Yo ASTM
hkl // Pressing Direction L Pressing Direction Powder Card
m 36 23 24 4*
220 35 30 28 40
3N 100 100 100 100
400 59 64 ' 59 58
422 8 28 13 10
511 47 52 50 45
440 7 78 68 58

*

This value is in error. The ASTM Juint Committee on Powder Dif-
fraction and N.B.S, indiceted that the true value is

44 when questioned about it by i%e authors. The ASTM Powder
Diffraction File is now being corrected.
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surfaces were found to be most reliable for examining grain structures.

Quantitative metallographic procedures for measuring grain size were not
employed, as they would have been invalid for the nonplanar fracture sur-
faces. Average grain sizes for hoth the spinel and alumina ceramics were

' 1-55. The grains were typically equlaxed and the grain size distributions
were narrow,

A duplex graln structure was observed in some of the spinel
samples. Isolated coarse gralued Areas were dispersed in the fine grained
matrix., A typical area is shown in Figure 6. The linear defect in the
micrograph 1is a scratch., These coarse grained areas are thought to be
related to isolated graphite impurities. Occasional optically identifiable
bits of graphite that found thely¢ way into spinel samples had similar
coarse grained areas around them,

Nichiome mesh reinforced alumina and spinel ceramics have bcen
extensively studied by scanningfelectron microscopy. A typical micrograph
of the nichrome-spinel interfacé is shown in Flgure 7. No cracking has
been observed at the metal-cerdandc interface, even at magnifications up to
10,000X; this was the case for .both alumina and spinel. The thermal ex-
pansion coefficients of the metal and ceramics differ by a factor of & 2:
17 x 1076 §r/1u/°C(9) for nichrome, 2.8 x 106 in/in/°C(10) for alumina,
7.6 x 10-6 1in/in/°C(10) for sginel. The higher coefficient of expansion
for the nichrome should put the ceramic matrix in compression during
cooling, thus strengthening the matrix. This 1s much more desirable than
the reverse case in which the!wire or fiber has a lower coefficlent of ex-
pansion, pleces the matrix in tension, and often results in microcracks at
the interface.® The micro-p¥obe capability of the microscope was used to
determine the extent of reaction between the nichrome wire and spinel.
Figures 8a and 8b arc plots of relative concentration (intensity of char-
acteristic X-rays emitted) ¢f Ni and Cr, respectively, versus distance
across the sample area scanned. Figure 7 shows the area scanned for these
results; a line scan was made across the area indicated by the arrows. At
magnification as great as 1000X 41 and Cr cannot be detected above background
Su away from the wire in the spinel. The concentration gradient of these
ions is very sharp at the metal-ceramic interface, indicating very little
diffusion of Ni and Cr into the matrix. These results suggest very litrle
degradation of the nichrome wire, The results for TiO2 modified Al203 were
very similar, witn the exception that detectable quantities of Cr have
diffused 40, from the wire into the Al203. The wire reinforcement appears,

from these results, to be quite compatible with the fine grained Al203 and
MgAl204 matrices.

No exaggerated grain growth was observed in the matrix materials
near the wire; the grain structure at the interface appeared unaltered
relative to the bulk. This 1s apparei.t in Figures 6 and 9, scanning elec-
tron micrographs of wire reinforced spinel and alumina, respectively,
These observations are consistent with the scanning electron micraprobe

results: no appreciable counter diffusion of ions occurred at the inter-
face.
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Figure 6. Scanning Electron Micrograph of Nichrome Wire Reinforced

Spinel Showing Fine Grained Structure Adjacent to the
Wire and Isolated Coarse Grained Area X2,000
(The L.inear Defect is a Scratch)

Figure 7. Scanning Electron Micrograph of Spinel-Nichrome Wire

Interface. Arrows Indicate Line Scanned for X-ray
Flurescence. ¥1,000
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Figure 8.

Intensity of Characteristic X-rays Versus Distance Across
the Nichrome Wire-Spinel Matrix Interface,
a) Ni K, b) Cr Ky
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(b)

Figure 9. Scanning Electron Micrograph of Nichraie Wire Reinforced
Alumina Showing the Grain Structure (a) Immediately Ad-
Jacent to the Wire and (b) Removed Frem the Wire.
Fracture Surface X10,000
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Sapphire whiskers could not be found in iiie microstructures of
dense, pressure caicinteved spinel and alumina composites fabricated with
i5% by weighti whiskers., Instead, porous, coarse grained areas were uni-
formly distributed throughout the material. Figures 10 to 12 1llustrate
these areas In gpinel composites. X-ray fluorescence results from the
scanning electron microscope show that these areas are alumina rich. Fig-
ure 13 shows the inteneity cof characteristic Al K, X-rays emitted while
scanning across the area shown in Figure 11; the position of the lire scan
is indicated by arrows. Apparently the whiskers have gone ianto solution,
leaving highly porous, large grained, AlpO3~rich areas in the spinel micro-
structure, The dissolution of sapphire whiskers in oxide materials has
been previously observed in conventional hot preasinge. The decowponsing
precursors in a pressure calcintering system are extremely reactive, making
dissolution even more likely than in the case of normal hot preassing. The
porous, coarse grained areas:left behind by the whiskers would seem to be
preferred sites for crack initiation. Onn would not expect thege composites
to perform well in ballietic tests.

~ Vigual insrection of spinel samples containing single crystal
gapphire fibers shows that many of the fibers break into small fragments
during fabrication. Microstructural examination shows that these pieces
are polycrystalline, with average grain size 3 ly. Lach fragment i8 sur—
rounded by a ring of coarser material: average grain size 3 3-5u., Figure

14 1llustrates a typical sapphire fragment. 7The single crystals apparently
recrystallize during pressure calcintering. :
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Figure 10. Macrograph of Pressure Calcintered Spinel Containing 15% by
Weight of 0.5, Sapphire Whiskers. Fracture Surface, 5.7

Figure 11. Scanning Electron Micrograph of Pressure Calcintered
Spinel Containing 15% by Weight 0.5 Sapphire Whiskers.
Arrows Indicate Line Scanned for X-ray Fluoresceace. X600

28
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Figure 12. Scanning Electron Micrograph of Pressure Calcintered Spinel
Centaining i5% by Weight 0.5, Sapphire Whiskers. X3,000
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Figure 13. Intensity of Characteristic Al Kq X-rays Versus Distance
Across the Sample Area Scanred. Refer to Fig. 11

30
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(b)

Figure 14. Scanning Electron Micrograph of Sapphire Fiber Reinforced
Spinel. (a) Sapphire Fragment and Surrounding Coarse
Grained Ring. X300 (b) Coarse Grained Ring. ¥X1,000
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SECTION V

MECHAN ICAL PROPERTIES

1. Tensile Strength

Tensile strengths were measured by the diametral compression
method. In this teat a right circular cylindrical specimen is compressed
diametrically between two flat platens. The meximum tensile stresses are
developed normal to the loading direction across the loaded diameter. These
tensile stresses cause the cylinder to fracture along the diametral plane
joining the 1lines of contact of the specimen and the platens. Since the
tensile stresses are directly proportimmal to the applied load, the tensile
strength can be computed from the load at fracture:

o = 2?7
m ndt
where

applied load

= gpecimen diameter

«

sperimen thickness

o= maximum tensile stress

Spriggs, et alll poted that the diametral compression tensile strengths of

a large number of ceramic materials were approximately one half the trans-
verse bending strengths.

A sample holder similar to that described by Spriggs, et alll was

~
‘used for the diametral compression tests. A schematic diagram of the sample “‘\,
holder is shown in Figure 15, The samples were tested "as pressed” with no )
surface treatment other than a rough surface grinding. An Instron testing ' \\
machine was used to load the samples to failure at a strain rate of 0.002
in. /min.

The tensile strengths of the samples tegted in this investigation
are listed in Tabie 7. The measured values have been multiplied by 2.0 to
wake them comparable to frequently cited transverse bending strengths.

Typical "optimum” values for mechanical properties of dense, fine
grained polycrystalline alumfna and spinel have been compiled by Lynch,
et al.12 Their values for the bend strength of alumina and spinel are as
follows: Alj03 -~ 62-68000 psi, MgAl,04 - 32,000 psi. These values are
somewhat higher than the values derived from diametral compression tests
in this investigation., But, of course, great care is required to achieve
optimal values and the lower strength values here are thought to be the
result of the rough methcd. To further resolve the tensile strength of
these matertials, 4.0" rounds of FIRL alumina and spinel ceramics and com-
posites will be supplied to our sponsor to be tested in uniaxial tension.
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Figure 15. Sample Holder for Diametral Compression Strength Tests
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Table 7. DIAMETRAL COMPRESSION TENSILE STRENGTHS

Sample Density Density
Material Number “m,psi g/cc % Theoretical
A]203 769 >53,126* 3.96 99.3
" 766 38,318 3.96 99.4
" 761 39,826 3.82 95.9
" 788 47,198 3.97 99.6
Y 774 20,968 3.95 99.1
" 778 44,870 3.95 99.1
" 828 46,284 3.94 98.8

Average 41,512

A]203 - Nichrome 831 27,406
. 826 30,352
" 833 9,672 3.61
" 840 23,756
" 842 27,026
" 845 18,760
A1203 - Nichrome 848 21,122
: 838 15,210
Average 21,663
A]203 - Sqophire 177 23,038
Fiber
A1203 - Sapphire 851 30,624 3.92 98.2
Whiskers
853 37,660 - 3.79 95.0

Average 34,142

*
This sample did not fracture under the highest load attainable on our
Instron testing machine.
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Table 7.

DIAMETRAL COMPRESSION TENSILE STRENGTHS

{continued)

. Sample B ‘ . Density .
Material Number m,psi g/ce % Theoretical
MgA]ZO4 935 11,302 3.56 99.9
(Mg0 Rich)
" 947 24,350 3.08 86.4
: 951 23,776 3.32 93.1
. 992 20,064 3.49 98.0
MgA1204 1006 27,008 3.55 99.7
" 1009 24,486 3.53 99.0
. 1023 13,030 3.48 97.7
! 1027 28,120 3.54 99.4
Average 21,515
MgA1204 - Nichrome 1010 17,300 3.52
" 1011 10,950 3.66
! 1014 7,680 3.76
" 1038 8,810 3.7
" 1175 14,588 3.91
Average 11,865
MgA]204 - quphire
Fiber 1160 21,348 3.55
" 1164 22,040 3.55
" 1151 _27,906 3.55
Average 23,765



Ballistic fallure is exceedingly complex involving tensile and shear fail-
ule wodes and will be closely related to "toughness," a parameter exceedingly
little understood in the ceramic art. In the absence of a good appreciation
of the various factors that may be important it is gucscionable whether
refined mechanical testing is worthwhile; rather, ballilstic tests themselves
must be rapidly conducted for evaluation.

The stvength data for the anichrome mesh-ceramic matrix systems
are very interesting in light of the intended balllistic application for
these materials. The nichrome reinforced compusites fractured at a lower
stress than the unreinforced matrix material., However, these composgites
continued to support an increasingly load after the initial fracture.
Figure 16 shows representative load-deformation curves for Al,03 and an
Al»03 - nichrome composite. The loads are normalized for sample lengths
to make the curves for the two samples comparable. The unreinforced Al203
ceramlc failed catastrophically. The nichrome reinforced Al;03 composite
showed only the main central crack after initial failure, with the stored
elastic energy absorbed, presumably, by plastic deformation of the wire.
Figure 17 1llustrates the dramatic difference between the types of fracture
encountered. 1If, after the initial diametral crack, loading 18 continued
on the Aly03 - nichrome composite, the sample will continue to support an
increasing load with approximately the same load~deformation curve as before
fracture. Finally, cracking, of the matrix, delamination, and deformation
of the wire occur as the sample gradually crushes.

The spinel-nichrome samples alsc continued to support an Increas-—
ing load after initial rracture. However, some of the spinel-nichrome
composites initlally failed by delamlnation. Other wire configurations
may be better for the spinel. Delamination of the wire from the spinel
matrix might absorb an appreciably quantity of energy in ballistic impact;
further judgment will be reserved until ballistic testing is completed.

These results cannot, of course, ve directly converted to a bal-
listic evaluation, but it seems apparent that the nichrome reinforced
composites can absorb considerably more energy in faillure than can the
unreinforced oxides.

The strength data for the whisker reinforced composites are not
very impressive. The whiskers do not reinforce the matrix; they, instead,
weaken the material. This is no doubt due to the dissolution of the whiskers
during fabrication and the accompanylng porous coarse gralned areas in the
microstructures. The sapphire fiber-alumina composites are likewise unim-
pressive. lowever, single crystal sapphire fibers do apparently strengthen
the spinel ceramics. Limited mechanical data for this system indicate
that the fiber reinforced apinel 1s stronger than the unreinforced matrix,
in spite of the fragmentation and recrystallization cf the sapphire fibers
during fabrication of the composites.

2. Elastic Modulus
]

Meagsurements of elastic modulus were performed on a Sperry Rand
UM715 ultrasound reflectoscope, using the reflection method. The transit
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tim resolution for ultrasnund pulses on the reflectoscope 1s } 1 u sec
Cirre tha tvriral rranait+ timo AF rha ﬂnv—:::‘nn dan <€ ehn ~wdae A s -
..... tha tvedcal tranair time of the samples 4o of the crder o

4 sec, we have considerably improved the resolution by taking the output
{rom the reflectoscope to a tektronix oscilloscope. The time scale on the
csclliloscope is U.Uli:s enabling the measurement to be made to an accuracy
of 17%.

In thia method an ultrasound transducer was attached to one face
of the cylindrical sample. The faces of the samples had been ground to
a smoozh finish on a belt sander. The time required for a sound wave to
travel through tiwe sample and bounce from the opposite side back to the
transducer was read on the time calibrated scale of the oscilloscope. ‘The
thickness of the samples was measured with a micrometer. The velocity of
soumnd travel through the material is obtained from the relation 2X/t, where
x = gample thicknees, t = time. The elastic modulus E is found from the

. 1/2

relationship V = (?) where V is the velocity of ultrasound propagation

and p, the sample density. The measurements were usually made at 2.55 o
10.00 m c/s.

The modulus of a Tungsten sample was measured in order to check
the calibration of the apparatus. The Tungsten sample had been arc caat
and extruded by the manufacturer.* The material was 109% dense and con~
tained less than 20 ppm carbon and less than 35 ppm oxygen. The measured
valungor the modulus of tungsten was 59.8 x 106 psi, which is in excel-
lent” agreement with the literature value, (13) 59 x 100 psi.

The edastic modulus data from this fuvestigation are listed in
Table 8. The modulus of clasticity values for the FIRI pressure calcin-
tered, titania doped alumina and spilnel are extrawely high. Typical op-
timum values listed by Lynch, et aiz{12) ave 59 x 106 psi for Al203 and
34 x 106 psi for MgAlp04.  Good values of moduli as a function of cry-
stallographic axes in single crystal alumina(lA), done at N.B.S. are also
lower than the results found here; the FIRL materials have the highest
apparent values of Youmg's modulus known to these investigators. The ex-—
gemely high modulus of these materials may be very significant in thelr
ballistic performance. A brief study of the variation of modulus with the
direction of measurement, i.e., parallel and perpendicular to the pressing
dirvection suppurted the X-ray data that little or no "texture" exists.

Modulus mecasurements made parallel and perpendicular to the
pressing direction yieided the following data:

Elastic Modulus, psi x 106

! Sample ‘ // Passing _l Pressing
__ No. Material Direction Direction
579 A1203 64.6 65.5
1039 A1203 + sapphire fiber 65.6 70.2
1045 MgAlZOA + sapphire fiber 47.4 42,1

*Atlantic Researéh Corporatfon, Alexandriz, Virginia.
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TABLE 8.

ELASTIC MODULUS DATA

Transit
Sample  Thickness Time, Density, Elastic Mgdu]us,
Material Number cm u $€C. g/cc psi x 10
A1203 774 0.870 1.60 3.95 67.5
" 778 0.890 1.70 3.95 63.3
" 788 0.812 1.55 3.97 63.3
! 828 0.9C0 1.70 3.94 64.7
" 769 0.814 1.50 3.96 67.4
" 784 0.864 1.75 3.93 56.2
" 576 0.733 1.39 3.96 73.3
" 570 1.222 2.35 3.97 62.6
" 1028 1.030 1.85 3.95 71.0
" 579 0.875 1.60 3.97 _69.0
Average 65.8
A1203 -
Sanphire Whiskers 53 3.770 .55 3.79 53.2
" 854 1.548 3.20 3.82 18.4
" 862 1.140 3.00 3.00 5.2
Average 42.4
MgA]20q g92 0.832 1.70 3.49 49.6
" 1006 0. 500 1.01 3.55 51.7
" 1009 0.576 1.10 3.53 £1.5
" 102¢ 0.572 1.30 3.52 39.7
" A0 052 0.70 3.50 44.0
" 1023 0,620 1.30 3.48 46.0
" 1027 0:%83 V.20 3.54 48.3
Average 47.3
MgA1204 - 1151 0.618 5 1.30 3.55 371
Sapphire Fiber '
" 1164 0.665 1.40 3.55% _46.0
Average 41.6
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The values for sapphire fiber composites reflect only the modulus of the
matrix material, as no sonic reflect{ons from the sapphire werz observed.
The differences in modulus with direction of measurement are insignificant
for the alumina ceramic. The apparent differences for the sapphire fiber
composites may be important, and will be further investigated.

Young's modulus could not be determ‘ned for the nichrome rein-

forced alumina and spinel composites by the sonic method because the sound
waves were scattered in all directions by the wire mesh; an important find~

ing for the ballistic performance of these composites 1f the shock wave
from ballistic impact were likewise scattered.

3. Microhiardness

Microharduness values were determined with a Wildon Tukon micro-
liardness tester, using a Xnoop indentor and a 1000g load. The condition
of the indentor wag checked by making indentations in a standard cali-
brated test block, which had been indented by the Wilson Company. The
test block had a Knoop hardness of 755 Kg/mm? and had been indented under

a 1000g load by the wanufacturer. Indentations In the sta.dard test block
made by our ingtrument (1000g load) were virtually idéntical to the stand-

ard indentations.

The filar eyeplece and objective lens In the optical system of
the tester were calibrated against a standard magnification scale from
an optical microscope. All the measurements (n this Investigation were
made with the same lens; the calibratfion for that lens is as foilowe:

1 rilar unit = 0.1633;.

The samples to be tested were mounted in bakelite and polished
on SiC abrasive paper. Once a sample had been indented, Knoop hardness
was calculated frow the length of the long diagonal of the Indentation
via the following equatlion:

KHN = L/'LZCp

where

Z
=
'

= Knoop hardness number, Kg/mm2

=
i

Load applied to indentor, Kg

&
i

Leagth of long diagonal, mm

<
It

Conatant for cach indentor

C) is supplied along with the indentor by the
manufacturer. For the FIRL Indentor, C =
7.028 x 10-2 b

The microhardness data for pressure calcintered alumina and
spinel are given in Table 9. Typlical Optimum Values listed by Lynch,
et «l2) are as follows: 2000- 3000 Kg/mm2 for alumina; 1200 Kg/mm2 fov
spinel. The hardness of the FIRL materials differ somewhat from the
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Material

Sample Number

Length of in-
dentions, filar
units

Average filar units

Average microns

KN, %9 /mn?

Table 9.
A1203 A1203
766 774
602 51
600 563
565 544
582.5 578
586 580
496 488
548 517
627 £06
542 524
544 571
569.25 538.2

92.96 87.9
1645 1837

A1,0

MICROHARDNESS DATA

MgA 1,6, ' MgA1,0,

Average KHN,
Average KHN,

42

204
778 1023
493.5 604
515.5 646
487 568
517 569
514.5 552
440 610
497 547
572.5 590
533 527
520 628
509.0 5441
83.12 95.4

2065 1564

21,0, 1849
MgAl,0, 1576

1009

568
600
621
571
638.5
547
584.5

. 95.78

1551

MgA1,0,

1006

587
563
609
529
548.5
575
551.5
585
536
669
575.3

93.88

1613




- - " T T

typlcal values; the spinel is harder and cthe alumina softer. Additional
regearch will be required to resolve these differences.

The limited microhardness data for nichrome reinforced alumina
(Ta
{Tab
The reduced hardness near the wire suggests that wire mesh on the face of
a ballistic sample may be undesirable. This possibility will be investi-
gated in Part 11 ot this research, when wire reintorced composites with
and without wire on the faces will be ballistically tested.
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Table 10. MICROHARDNESS DATA FOR A NICHROME-ALUMINA COMPOSITE

SAMPLE 1034

Length of Average Length
Distance from Indention, of Indention, 2
wire, m.m, Filar Units microns KHN, Kg/mm
0.2 597 94.4 1597
558.5
0.4 576 95.1 . 1577
588.5
0.6 603 95.2 1571
583.5
0.8 583 93.4 1631
561.5
1.0 516 83.0 2065
500
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SECTION VI

CONCLUS IONS

1. Titania doped Aly03 and MgAl204 ceramics can be fabricated into
fully dense, fine greined (1-5p) polycrysialline shapes at moderate tem-~
perature, J350°C, and pressure, 5000 psi, by the method of pressure cal-
cintering.

2. Extremely high elastic moduli, 66 x 106 psi L[or AljOq, 47 x 106

psi for MgAiy04, can be achicved in Alp03 and MgAlyU, ceramics fabricaZad
by pressure calcintering.

3. Nichrome wire mesh can be incorporated into pressure calcintered
Al,03 and MgAlp0, matrices to form dense composites with little or no de-
gradiug of either the wire mesh or the ceramic matrix.

4, Nichrome reinforced Alp03 and MgAlp04 composites can absorb

significant quantities of energy in fractuve after they have initially
ciracked.

5. 8ingle crystal sapphire whiskers and fibers tend to digsolve 1in
the matrix material and/or fracture and recrystallize during the fabrica-

tion of sapphire reinforced Al,/()3 and MgAlyoa composites by pressure cal-
cintering. ) ;

6. The inclusion of 0.01" diameter sapphire single crystal fibers
into dense, f{ne grained MgAl,0; ceramics results in an increase in the
diametral compression tenstle strength of the spinel.
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SECTION VII

FUTURE WORK

The primary objective of Part IT of this research will be to
develop optimum matcrials and configurations for ballistic armor. With
thie objective in mind the investigators feel that it is important to
submit samples for ballistic testing at the earliest possible time, and
to use the feedback from those tests to continue optimization.

Four inch diameter disks of nichrome reinforced alumina and
spinel with differing volume fractions and spatial arrangements of nichrome
wire mesh disks will be fabricated and submitted to the cponsor. The re-
sults of ballistic tests on those samples will be used as a guide in
selecting optimum composite configurations.

The feasibility of incorporating inconel honeycomb shapes into
alumina and spinel matrices will be investigated with small, 0.75"
diameter, samples. If the honeycomb veinforcement locks promising, 4"
diameter cylinders will be fabricated for ballistic tests.

0f the sapphire reinforced composites fabricated in this in-
vestigation, only 0.01" diameter napphire fiber reinforced spinel shows
any promise. Further fabrication and testing of 0.75" diameter samples

will be carrled out to ascertain the derlrability of making ballistlc
test samples.
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