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1.0 INTRODUCTION

Sintered alumina (A1 2 0 3 ) ceramic, e.g., Coors AD90, is
a standard ballistic armor material. Sintered alpha silicon
carbide (SiC) ceramic, however, performs much better than
A1 2 0 3 . It was speculated that, perhaps, by dispersing
inexpensive silicon carbide particles ir, an 'nexpensive
alumina matrix, a ceramic alloy or compo)ite might be
produced that performed as good as essentially-pure SiC, but
at a lower cost. it was also thought that it would be
useful to investigate the difference between more expensive
beta- and very finely ground alpha-silicon carbides and the
less expensive standard "abrasive grades" as the dispersed,
phase. It was also thought that it would prove interesting
to study the differences produced between more expensive,
high purity alumina powder and the standard, ceramic grade
alumina powder to produce the A12 0 3 matrix.

If A1 2 0 3 -SiC (particulate) ceramics could be produced
with physical, mechanical, and micostructural properties
that suggested good potential ballistic performance, then
ballistic tests would be performed on materials derived from
this program.

This program, "Development, Fabrication, and Ballistic
Testing of New, Novel, Low Cost, High Performance Ballistic
Materials" was initiated to test this hypothesis.

2.0 EXPERIMENTAL PROCEDURES

2.1 RAW MATERIALS

Readily available commercial A1 2 0 3 and SiC powders (See
Table 1) were used throughout this study. Ceralox, grade
HPA, (99.97% pure Plus 0.5 W/o MgO), with an average
particle size of 0.5 microns and a surface area of '0.8 m2 /g
at a cost of $4.80 per pound is considered the "high cost
alumina. ALCOA, A-16 SO, wi~th an average particle size of
0.45 microns and a surface area of 8.7 mz/gp at a cost of
approximately $1.28 per pound, is considered the "low cost"
alumina. Three grades of commercially available SiC powders
were used throushout this study. H. C. Starck Grade 8-10
beta-silicon carbide, having an average particle size of 0.4
microns at a cost of $10.50 per pound was considered the
"high cost" silicon carbide. As a comparison, an expensive
($9.00 per pound)- finely divided, alpha-silicon carbide,
Lonza Grade 15-UF, having an average particle size of 0.8
microns was introduced for comparison of the effect of
alpha- vs. beta- SiC. Lonza F-1000, "abrasive grade" alpha
silicon carbide, at a cost of $3.60 per pound,was considered
the "low cost" silicon carbide.

I, ,



2.2 POWDER PREPARATION

A milling operation was used to prepare the various
blends of A1 2 0 3 and SiC. (It should be noted, however, that
th4 milling operation was used to assure a uniform
dispersion of the constituents, and'not = commutate the
materials.) The starting materials were weighed out and
placed in a Nalgene plastic jar mill containing 1/2 inch
diameter, high purity alumina rod grinding media. Isopropy|
alcohol was used as the milling fluid. The powders were
"mixed" for eight (8) hours and then dried for 24 hours at
75"C. The powder was "dry milled" for eight (8) hours to
break up any agglomerates.

2.3 FORMIN'3

The milled powders were carefully loaled into GrafoilTM
- lined graphite dies. The graphite tooling was designed to
produce a part 6" x 6" and the powder charges were adjusted
(by calculating from the assumed theoretical density of each
composition) to form plates about 3/8" thick. The loaded
die was then placpd in an inductively heated furnace and
sintered using Cercom's PAD (Eressure Assisted
Densification) process. *The pressure used was 3000 psi
(approximately 21 MPa), and temperature varied from 1600"C
to 1825*C, depending on the predete#rmined conditions for
each run. The sintered, densified cerwaic part was removed
form the graphite tooling and its surfaces were "grit
blasted" to remove any residual OrafoilT;!.

3.0 PROPERTY MEASUREMENT$

3.1 DENSITY

The theoretical densities for the A1 2 0 3 -SiC composites
were calculated using the rule of mixtures. Individual
densities were determined on the "as pressed" billets by the
water immersion technique. The determined densities were
corrected for water temperature.

3.2 STRENGTH

Modulus of rupture values were obtained from 10 - 15
specimens using the 4-point method as described in Military
Specification MS 1942A. The Weibull number was obtained
from the distribution of values obtained from the MOR test.



3.3 HARDNESS

Harness values reported are an average of five readings
obtained using a Knoop diamond pyramid indenter at 1 Kg
load.

3.4 FRACTURE TOUGHNESS

The fracture toughness values were determined using a
Vickers indenter. The load was 10 Kg. Values reported are
the average of fiva values.

3.5 GRAIN SIZE

The grain size was determined by the Linear intercept
method.

4.0 RESULTS:

The results for all of the runs made in this
Investigation uf nilicon carbide (SiC), particulate
reinforced, alumina ceramic-matrix-composites are shown in
Appendix I along with two Cbcom proprietary, "baseline'
aluminas, Ebon A and Ebon AZC, as well as one Cercom
proprietary "baseline" silicon carbide, PAD SiC Type B. In
this appendix results are given for:

9 Composition

* PAD 1 Temperature

* Density

- Actual

- Theoretical

' Grain Size

* Fracture Toughness

* Strength (Modulus of Rupture (MOR)]

* Weibul,1 modulus

1 PAD= Pressure Assisted Qensification

3~.



In most casus where there -s the absence of some data
in this tabulation (Appendix I), the sample produced in the
"run" was of a density below e'. 3% of its theoretical value
and was not, therefore, intcrdAd for bal!istic testing. In
other cases where the densi.., was greetar than 97.5% of its
theoretical value but data is missing, the lack of time,
funding, or both precluded the measurement from being made.

The strengths and grain sizes of pure A12 0 3 achieved in
this study as a function of PAD temperature are shown in
Figure ,. Figure 2 shows the strengths as a function of
volume per cent (v/o) silicon carbide (SiC) in various
alumina (A120 3 ) ceramic matrices. Figure 3 is a similar
plot, but only looks at data from the runs at 1750'C.
Figure 4 shows the relationship between Weibull modulus (i)
and the standard deviation [std. dev (o)] of the strength
[Modulus of Rupture (MOR)]. Figure 5 illustrates the
unusual relationship between hardness and v/o Sic in the
Cercom proprietary alumina matrix, Ebon AZC, compared with
the more conventional ,!ljmina matrices, Alcoa, A-16 SG,
Ceralox,and Ebon A (propr'iotary).

Microstructures of the majority of the A12 0 3 -SiC
ceramic. produced in each of the runs are shown in Appendix
II. Most -f the photos are based on SEM fractographs. The
rest of the photos are based on polished and etched cross-
sections (optical micrographs).

Lack of funding and time limited the amount of
ballistic data obtained in this study. Figure 6 shows the
ballistic performance of three proprietary Cercom alumina
(matrices) ceramics compared: Ebon A, Ehon AZ and Ebon AZC
against Coors AD90 as i "baseline"' Figure 7 illustrates
the outstanding ballistic performatice of two A120 3 -SiC
ceramic matrix compos ites derived from this study.
Composition, "A" is 10 v/. SiC dispersed in Cercorn's
proprietary alumina matrix Ebon AZC. Compos'.tion .*B" -is 10
v/, SiC dispersed in cercom's proprietary alumina matrix
Ebon A. The top-perfurming Cercom SiC also shown on this
chart is Cercom's propr etary PAD SiC Type B. The alumina
baseline naterial shown on this graph is Coors A090, while
the silicon carbide (Sio) caseline material is Carborundum
(British Petroleum (BP)] sintered alpha silicon carbide
(Hexaloy). (Note: The baselinie silicon carbide is shown in
the legend of this chart as lohio (Standard Oil of Ohio)
SiC. This is its former designation prior to the
acquisition of the USA company by the UK company.]

In addition, data or Cercom's Ebon A and PAD SiC Type
B, ponsidered as "reference test", wu. obtained at Southwest
Research Institute. Th data is presented in Tables II and

I4



5.0 DISCUSSION

The interpretation of the data for the ceramic system
alumina (AI20 3 ) - silicon carbide (SiC) particulates is very
complex.. Many variables are interacting simultaneously to
produce the results obtained in this study.

The most interesting effect is tht location and
distribution of the dispersed, second-phase'- in this case,
particulates of SiC. Since it is extremely difficult to
perform exact microstructural analyses on this system, a
schematic diagram of the potential microstructures
achievable are shown in Figure 8. These sketches show that
there are at least four probable microstructures, i.e., (i)
all of the silicon carbide particles located within the
alumina grains; (ii) all of the silicon carbide located at
the three-grain intersections (i,,e., "triple-points") of the
alumina grains; (iii) all of the silicon carbide grains
located along the alumina grain bounda-ies including the
"triple-points"; and (iv) the silicon carbide grains are
located within the alumina grains and along the alumina
grain boundaries as well as at the "triple points" of the'
alumina grains. Of cOurse the grain size, shape and
distribution of the alumina ceramic matrix will change
according to the processing (i.e.,' fabrication) conditions,
the starting type of alumina, and its chemistry, as well as
its interaction, if any, with tho silicon carbide grains.
The morphology of a typical' single crystal grain of A1 2 03
(hexagonal, rhcmbohedral) is shown in Figure 9. Because of
the platelike, anisotropic nature of the grains, the grain
structure in fractured and polished sectionu can appear to
vary from equlaxed hexagonal grains to needle-like acidular
grains v.hich may indeed be the. same grain, but viewed from
different angles, as also shown -n the schematic cross-
sections in Figure 9. The silicon' carbide grains are
normally also hexagonal regardless as to whethir they start
out as cubic or hexagonal powder. The morphology', however,
of the hexagonal SiC powder is normally a jagged' fragmgnt as
it is the product of a crushed, Acheson process grain.' On
the other hand, the beta SiC starting powd,_r is more regular.
in outline because it is the prodc:t of a chemical process.

(Note: In the following discussion of the potential
chemical reactions involved, (s) : solid and (g) 2 gas.

One would assume that since 1) aluiin4 and silicon
carbide are totally immiscible in the solid state, and 2)
since they (A1 2 0 3 '+ SiC) d2 nw±tform a compound, then tha
system Al20 3 + SiC would be non-reactive. However, this may
not'be the case. The "native oxide" coatinq on the SiC is
S102.' This will react with A120 3 to form mullite, thus:



3 A1203(s) + 2 Si02(s) ,3 A12 03 2-SiO 2 (s)
(normal mullite)

2 A1203(s) + S"O2(s) 2 A1203SiO2 (s)
(high temperature mullite)

The SiC powder may also contain carbron (or a carbon-
prod.ucing substance). A reaction is possibla between the
carbon, silicon carbide, and alumina to form the, stable
compound: aluminum silicon carbide, i.e.: A14 SiC4 or
A14C3*SiC', thusly:

9 C(s) + SiC(s) + 2 A1 20 3(s) Al 4 SiC4 (s) + 6'CO(g)

The carbon monoxide (CO) that forms may lead to
microporosity or, because of the internal gas pressure, may
make densification more difficult. The alumina and silicon
carbide may also react to form aluminum oxycarbides CA1 2 OC
,or (Al 20 3 *A14 C3 ) or A12 0 4 0 or (4 A12 0 3 *Al 4 C3)] and high
temperature mu'lite [A1 4 SiO8 or (2 A'203 'iO 2 )] thusly:

3 A120 3 (s) + SiC(s) - AI 2OC(s),+ Al 4 SiO8( s )

4 A12 O3 (s),+ SiC(s) - AJ40 4C(s) + Al 4 SiO8(s )

Unfortunately, the alumina and silicon carbide can also
rear.t to form Al.l vapor species, thus consuming each other,
thusly, e.g.:

A12 0 3 (s) + SiC(s).- A12 0(g) + SiO(g) + CO(g)

It is not known at this time at what temperatures these
reactions become significant, and what effects they may, have
on stability, densification, and the limits on the
production of thick ceramic blocks; but suffi'e it to say
'that these reactions will be operable in the rurrently
popular Al 20., - silicon carbioe whisker composites as well
as in the A1 20 3 - silicon carbide particulate composites
investigated in this study.

In the formulating of many composite. systems, the
internal :tresses caused by the difference in thermal
expansion (or contraction) between the matrix and dispersed
phase is not. taken into considerationi. Alo, the thermal
expansion (or t•ontr',ctic',) anisotropy of the matrix is
oftentimes forgotten or neglectedI. In some systems like
silicon carbide whisker-retnforced, fully dense, 'fine-grain
silicon nitri~de, the effect of the differontial expansion
may not be a problem apd, in fact, may aid 'in strengthening
the system -or increasing its toughness because -the
reinforcing phase contracts more than the matrix in, cooling



and either puts the matrix in compression (if bonded to it)
or shrinks away from the matrix (if not bonded to it),
leaving microgaps which may make crack propagation more
dif ficulIt.

in the case of Al2O3-SiC, however, the situation is
much different. Here the coefficient of thermal contraction
for A1203 is approximately twice that of SiC from 2000K down
to room temperature (a A1203 % 10 ppm/K and a SiC % -5
ppm/K). Depending on the microstructure, this phenom,.enon
can cause the goneration of internal tensile stresses within
the A12O3-SiC ceramic. Figure 10 is a diagranumatical
representation of this situation.. If the SiC grain is
locked witijin'the A1203 grain, it will put it in tension,

* but if the size ratio of A12O3 :SiC is correct, it will cause
the grain to be under tension; 'however it will not form a
microcrackl'. 'Otherwise, a mi 'crocrack will form (pre-
existing crack). H-owever, when an external tensile load is
applied to tne already tensile loaded A1203 grain, the A1203grain will rracture transgranularly (Sste Figure 11). If the
SiC grains are all located at the grain boundaries, fracture
will most likely take ploce intergra.ularly due to stress
fields trying to separate the A1203 grain boundaries. As
the figure shows, other types of microstructures will cause
a combination of trans.- and inter-granular fracture.

The reasons as to the cause of the different locations
of the dispersed silicon, carbide phase within the alumina
matrix must be discusse Id at this point. if a mechanically-
mixed system such as this were cr-posed only of 100%
chemically pure A12O3 and SiC, the SiC would most likely'end
up at the gra-n botindaries and Pt the "triple points". This
would occur because the SIC is neither soluble in nor wetted
by the alumina., This situation then would cause all of the
SiC grains to pin the grain boundaries of the A1203 and
prevent t *hem from growing. it would also,' make denslficatlon
(even when pressure assisted) almost impossible.. But., since.
ýthe Sic particl 'es most likely have a film of S102 ("native
oxide") on their surface, the wettabi~lity by A1203 is
greatly enhanced. Thi'a however. would not be enough to,
cause the formation of a liquid grain bou4ndary phase (most
likely because of the formation of high temperature mullite)
and the grain~s would still largely be "pinned" as in Figure
12(a). 'However, with the formation of'a liquid phase grain
boundary phase derivea from the r.titural 'impurities in the
alumina, viz:.,, Si2 Na2O, F0203, CaO, M90O, and T102 Plus
the "pick-up" from the grinding media and 'he impurities
associated with the SiC, wetting and material trensport mill
occur. This is shown diagrammnatically 'in Figure 12(b),
where the, alumina grain boundary moves. up to a silicon
carbide grain and-,is tpeporarily "pinned" until the liquid



phase st&rts to wet the grainand allows alumina, dissolved
in this "glassy" silicate phase, to move around the SiC
grain, causing the alumina to grow around and encapsulate
the SiC. Thus, grain growth and "ensification can proceeu
by mass transport around the SiC until it is impeded by
other CiC grains.

In the case of the "pure", "single-phase" aluminas, the
coarse-grained aluminas will have a significantly lower
strength than the fine-grained aluminas,,as shown in Figure
13, due to the large effect of the thermal contraction
anisottopy (i.e., between t;)e a and Q axes) Of each single
crystal (i.e., each grain of the large grained alumina
crystals work against each other in the polycrystalline
mass). Here we can see that by increasing the average grain
size by a factor of 4 (i.e., 5 to 20 pm), the strength
(MORmax) dropped by a factor of 2 (i.e., 60 to 30 kpsi).

Examining Figure 14, one can see that the overriding
factor in the maximum strength achievable with the system
A12 0 3 -SiC, is the grain size. When the dispersed silicon
carbide grai,,s pin the alumina grains and prevent grain
growth, high strengths can aasily by obtained. In this
study, when the average alumina grain size was kept below 1
pm, maximum strengths approaching 100 kpsi could easily be
obtained. As av example of the phenomena, pressure a3sssted
sinterini; or densificution (PAD) of "pure" Alcoa A-16 SO
alumina 'at 1825"C yielded a ceramic with an approximately 20
pm average grain size and a maximum strength of only 33
kpsl, while the addition of 30 v/ 0 fine SiC to this same
matrix caused the average grain size to drop dramatically to
0.764 pm and the maximum strength to jump to 111 kpsi.

The concept of maximum strength, was introduced into the
analyses of the mechanical properties of' this system. Since--
the system, A120 3-SiC, is loaded with internal tensile
stresses, microcracks may form during cooling, handling, and
machining of the A12 0 3 -SiC (particulate) composites. It 'is
assumed that the maximum MOR (modulus of rupture) measured
reprebents the potential of the tnechanical properties of the
system free from prematurely developed cracks. To test this
hypothesis, strength data from a duplicate run was plotted
as a histogram of strength distribution, singly and
combined. The result is shown in Figure 15. It shows a
well-defined peak with a long ,tail extending towards a
strength of zero kpsi, indicative of many, extremely weak,
cracked specimens. If the distribution were truncated
through proof testing or the population' otherwise refined,
then the histogram might look like the non-crosshatched are&
in Figure 16(b). Figure i16(a) shows a uniformly flawed
(microcracked) ceramic that has a very uniform tensile
stress field throughout end where maximum strength is very

8



close to its mean strength. This situation actually
occurred when ALCOA A-16 SG alumina was composited with 10
Vlo of coarse-grained SiC (See Figure 17). This material
was densifiec' with pressure assistance at 1600"C. The
combination of the internal stress produced by the coarse
SiC particle acting on the A120 3 grains, plus the intarnal
stress of the A1 2 0 3 grains acting on. themselves gave rise to
a uriformly microcracked (i.e., totally "flawed")
microstructure resulting in an extremely high weibull
modulus (M) (approaching 50), with a moderate but a&cepable
strength of 60 kpsi. (See Figure 17.) This ceramic would
have an extremely predictable load beairing characteristic
making it useful aS a structural ceramic as well as a
potential lightweight ceramic armor system.

The question of the use of these materials as effective
armor must be explored. Certainly the goal of producing a
strong, lightweight, hard, ceramic material from low cost
raw materials (e.g., commercial ceramic-grade alumina and
abrasive-grit-grade silicon carbide) was met. The question
is: What wil! be the performance of these materials as
armor? If one subscribes to the hypothesis that a ceramic
with transgranular fracture is the best performing as
armor 2 , then there are materials in this system that will,
potentially, perform extremely well. If one subscribes to
the hypothesis that intergranular fracture is best 3 , then
these materials exist in this group and, lastly, if mixed
mode fracture is shown to be the best 2 , then this study also
produced this type of material.

However, if one prescribes to the hypothesis that the
retained strength after fracture in a confined system is
best, then this study produced~o'e of the best candidates to
be considered as a model for this hypothesis. If one
examines the residual strength of a faulted system (oSF)
after large strains' a& in Figure 18, then a ceramic which
granulates into a fine powder upon fracture might be the
best candidate for an armor system4 . If the Weibull modulus
is large, as in a highly anisotropic, highly internally
stressed lignt-weight ceramic armor material such as TiB 2,
it might perform similarly to TiB 2 . With the A1 2 0 3 -. 10 /o
SiC (particulate) ceramic developed in ' this study, this
material, with its strength of 60 kpsi and Weibull modulus

2 TiB2 hot pressed ceramic is normally a coarse-
grained, internally stressed ceramic because of a large
difference in thermal expansion between the a and z axes of
its hexagonal grains. Also, each grain is further highly
strained because of the precipitation of TiC within each
grain. Carbon (available during the reaction 2 T1 02(s) + 3
C(s) + B4C(s) ''2 TiB 2(s) + 4 CO(g) is soluble in TiB2 but
the metastable solid solution breaks down on reheating,
forming a fine dispers~on of TiC within the already 'hightyo
stressed TiB2 crystai|ites.

9



of around 50 is so completely flawed, that is, totally
networked with microcracks it might break up very easily
into tiny fragments upon ballistic impact and form a
compacted powder that, whci completely constrained, is so
dense that it might prevent the further penetration of a
projectile.

6.0 CONCLUSIONS:

1. The strength of fully dense alumina (or its
composites with SiC particulates) is controlled, largely, by
the A1 2 0 3 grain size.

2. The addition of silicon carbide (SIC) part~iculates
to alumina (A1 2 0 3 ) significantly reduces the grain size of
the alumina.

3. The addition of 10 v/o of a low cost SiC to a low.
cost alumina results in a ceramic with a Weibul1 modulus
approaching 50. This material is expected to have good
ballistic resistance since its uniformly flawed structure
will yield a granulated debris with high residual strength
when constrained. (This type of ceramic will also find use
in structural appllications because', of the superior
predictability of its strength characteristics.)

4. Cercom's proprietary alumina ceramic compositions
containing 10 V/0 of a low-cost SiC performed as well as or
better than MTL's base-line sintered alpha silicon carbide
(Carborundum's Hexaloy).
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Table 1. Raw Materials

Volume Surface
Pricing Particle Area*

Material Mfg. Designation S/Pound Size* (M2 /q)

A120 3  Ceralox HPA $ 4.80 0.5 10

A1203  Alcoa Aluminum A-16 SG $ 1.75 0.45 8.7

SiC H. ". Starck Beta 10 $10.50 0.4 14-17

SiC Lonza UF-15 $ 9.00 0.8 15

SiC Lonza F-1000 $ 3.60 4.8 N/A

As Provided by Suppliers
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Table 2. Residual Penetrations and Penetration qeductions for Impacts at
1500 m/s on Cercom Incorporated Samples

Scaled
Areal Residual Penetration Penetration

Test Sample Density Proj Penetration Reduction Reduction
No. Ident. (9/cm2 ) L/D (amm) (amm) (ram/g/cm 2 )

SiC-B
- 1 l - __ _

76 4-367-1A 8.16 10 35.2 34.9 4.2.8

77 4-367-1B 8.19 10 22.5 48.7 5.95

78 4-367-1C 8.19 15 52.6 37.9 4.63

79 4-367-2A 12.29 10 13.5 58.7 4.78

80 4-367-28 12.24 10 17.6 55.3 4.52

81 4-367-2C 12.23 15 39.4 49.3 4.03

85 4-388-IA 16.37 )0 0.0 71.9 4.39

86 4-388-2A 16.30 15 25.1 62.3 3.82

87 4-388-3A 16.32 15 27.4 60.0 3.68

EBON-A

82 4-363-IA 10.08 10 42.9 29.6 2.94

83 4-363-18 10.01 1,0 37.7 33.8 3.38

84 4-363-IC 10.11 15 48.9 37.9 3.75

88 4-363-?A 15.00 15 23.4 65.4 4.36

89 4-363-28 15.13 15 45.0 42.6 2.82

90 4-363-2C 15.15 15 21.7 64.1 4.23
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Table 3. Comparison of Scaled Penetration Reductions of Baseline AD90 and
Cercom Incorporated Ceramics

Average Average Scaled ADSO Scaled
Areal Penetration Reduction For

P'oj. Density Reduction Areal Density Mate.riA1
Material L/D (9/cm2 ) (mm/g/cm2) (mm/g/cm2 ) AD90

SiC-B 10 8.18 5.11 2.68 1.907

SiC-B 15 8.19 4.63 3.07 1.507

SiC-B 10 12.26 4.65 2.44 1.906

SiC-B 15 12.23 4.03 2.67 1.511

SiC-B 10 16.37 4.39 2.19 2.004

SiC-B 15 16.31 3.75 2.26 1.657

EBON-A 10 10.04 3.16 2.57 1.230

EBON-A 15 10.11 3.75 2.88 1.302

EBON-A (high) 15 15.08 4.30 2.38 1.807

SBON-A (low) 15 15.13 2.82 2.38 1.185
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100i I I 20

A-16

,• ~15•

Strength Grain SizeSO (G.S.) avg.cr MOR~mx

kps. Creral

50 10

0 1600 1o00

Temperature, *C

Fig. 1-. Effed of pressure assisted densificatlon (PAD) on

the strength and grain size of "pure" alumina.
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0 '

c0 MOR irmax)

kpsi

0 10 20 30' 40 50

Volume Per Cent (v/o) SiC

Fig. 2 - Effect of v/o SiC on' the strength of hot pressed alumina



100

SMORlMax)
kpsi

1750V

50

0 , 1 , I I .. . I , . .... I I

0 10' 20' 30 40 50

v/o SiC

Fig. 3- Effect of Volume % SiC on the strength of compo'tes
Pressured Assisted Derntied (PAD) at 1750.
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Fig. 4 - Relationship between Weibull modulus (m) and
standard deWation (a) of strength measurement (MOR-4 pt).
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Fig. - Effect oi v/o SiC on the hardness of

A120 3 - SiC composites.
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All SiC graini located
All SiC grains at the triple-points
within A120 3 grains of A120,3 gr:.insý

All SiC grains located SiC grains located
along A! 20 3 grain boundaries within the A120 3 grains'
including triple-points and along the A110 3 grain,

boundaries as well as
at the triple-points.

Fig. 8 -Idealized microstructures -on the system A120 3 ,SiC



I 3-D

11 Crov%-section
parallel to
basal plane

III Cross-ection
at right angles
to the basal plane

Fig. 9 - Morpholog ef alumina grain.
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Transgranular Fracture Intergranular Fracture with some
transgranular fracture

Intergranuiar fracture Mixed mode fracture, iLe. both
intergranufar and transgranular

Material Hi-temp coeff of expansion

IA120 3  a .10 1 04/oC

Fig. 10 - Idealized mncrostructures and direction Wf residual stresses
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Time

(a)

III Ill

No significant amount of liquid present at grain boundary. Boundary "pinned"

(b)

I , II, I11

Significant amount of liquid present at grain boundary. Boundary sweeps around
insoluble partide and encapsulates iL Grains can grow virtually unimpeded.

= Alumina (A120 3) grain

*= Silicon Carbide (SiC) grain
= Grain boundary liquid phase

*Fig. 12 - Development of Microstructres in A120 3 - SiC composites.
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*kpui
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Fig, 13 - Effect of grain sze on the strength of
"pure" hot pressed alumina.
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Maximum 110 X
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MO(max) -
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0.

0 5 10 15 20 25, 30 35

Grain Size (G.S.) avg., pi m

Fig. 14 - Effect of average grain size on the strength of
3lumina ceramics (with or withoutSiC)

28



95 Kpsi

so 70 90 110 SO 70 90 110 50 70 90 110
MOR (kpsi)

660-78 660-7A 660-7
No. of Samples n= 10 9 19 (i.e. A + B)

Mean i: 83.4 83.3 83.4
One std. deviation q a 17.3 13.3 15.1

Coefficient

of variation cv- 20.7% 16.0% 18.1%
Weibull Modulus m i 4.56 5.85 - 5.2

Fig. 15 - True histograms of strength distribution of two samples
of 50 v/o A120 3 - 50 v/o SiC (Alcoa A.16 SG -- Lonza IS UF)

singularly and then combined.
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Unusual Ceramic
Uniformly flawed

f 1. m large (25-50)
2I very predlictable strength
3. low strength, however.

(a)

aMOR

Typical "Advanced" Ceramic

Poorly distributed flaws

-. a - r u n c t e d o b ~ o n1 . m v e ry s m a ll (4 -1 0 )
2. poody predicable strength
3. high avg. strength

original dltr bution - original &Wtrbution

Remove thru proof testingo

* then m larger. (Because of predictable strength.

Potentially good engine material.)

S&g 16 - Schematic histograms of strength'distribution.
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90 v/o AI20 3 -10% SiC
(ALCOA A-16 SG - Lonza 1000 grit)

f

MOR (kpsi) 0 20 40 60 80 100 120 140

763-3

Mean a 60.1 kpsi
One std. deviation a = 1.4 (66 = 8.4 kpsi)

Range R = 57.9 - 62.2 kpsi
Weibufl Modulus m = 48.4 :t4.7

Fig. 17- A 20 3 composite with unusualy high Weibufl modulus.
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-f

O~c

'SF

'0

a 3-

O" - strength

Cc = compressive strength
O(F - residual strength of faulted systeem

i = strain

Fig. 18 - Retained strength after compressive failure
of a constrained ceramic target.

32



APPEND I CES

33



COMPOSITION, v/o DENSITY S OF GRAIN Kic 1500p NOR
IUN I A1203 SiC TEMP ACT THEOR THEOR SIZE MPiam 1/2 HARDNESS KPSI mPg KPSI WEIBULL

I/cc on, avg. Avg. ax.

1-1 100 Cesalox 0 1600 c 3.981 3.39 39.9 3.15 9 1556 62.03 421.1 10 18.34
J1-2 90 Coraloy 10 Beta 1600 c 3.893 3.111 9.6 .85 3.56 1653 10.08 483.2 10 9.4
J-3 80 Ceralox 20 Beta 1600 c 3.179 3.63 98.67 .48 2.13 1556 74.26 512 85 5.4
J-4 100 A-3I 0 1600 c 3.913 3.99 93.7 9.09 1431 42.05 289 45 14.8
.1-5 90 A-If UF-15 1600 c 3.905 3.31 99.9 .13 3.35 1611 94.4 650.9 106 11.1
14 80 A-IS UF-15 IS00 c 3.602 3.83 35.6 ---- ---- ---- 75.1 523.3 85.9 12.6

073 100 A-lI 0 1625 c 4.982 3.99 99.8 13.6 1411 32.3 222.4 33 35.6
0-4 T0 A-I1' 30 SiC Beta 1825 c 3.118 3.75 39.1 .97 3.01 1690 41.63 535.2 11l 4.30
0-5 50 A-16 50 SiC Belt 1825 c 3.571 3.60 99.2 .64 2.73 1831 75.15 522.21 85 10.8
0-6 70 A-16 30 SiC UF-15 18Z5 c 3.123 3.5 33.3 .64 3.05 I159 92.2 635.8 I11 6.32
O-lA 50 A-I1 50 SiC UF-i5 1825 c 3.55 3.60 98.6 .86 2.13 ---- 83.3 514.6 100 5.85
0-18 50 A-1I 50 SiC UF-15 1825 c 3.55 3.60 91.6 .15 2.80 1862 83.4 514.3 102 4.56

4-1 100 Ceralox 0 1825 c 3.99 3.99 100 10.3 s 1508 43.2 291.1. 45.5 23
4-2 Tn Ceralox 30 Sic Beta 1825 c 3.118 3.15 39.1 1.55 2.10 1704 10.3 55.9 i8 11.5
4-3 5W Ceralox 50 SiC 'Beta 1825 c 3.56 3.60 98.18 1.24 7.11 1760 55.4 382.0 60.2 13
4-4 l00 Ebon AZC 0 4.108 4.11 100 -... # 1550 41.5 334.4 53.9 11

.4-5 10 Ebon AZC 30 SiC Beta 1825 c 3.853 3.84 100 1.53 C.35 1516 45.5 313.1 50.1 13
4-4 55 Ebon AZC 45 SiC Beta 1825 c 3.612 3.11 99.2 1.1$ 6.21 1418 53.2 366.8 60.2 16
331-4 85 Ebon AZC 15 SiC Beta 1825 c 1.69 4.14 1502 83.3 109 5.1

3-1 90 Ebon A 10 SiC UF-15 1600 c 3.813 3.91 97.5 .41 5.07/3.11 4*- 62.4 430.2 88 1.2
3-2 10 A-16 30 SIC F-1000 1600 c 3.141 3.15 99.8 1.15 7.34 .... 41.7 328.9 68 4.4
3-3 .90 A-IS 10 SiC F-1000 1600 c 3.896 3.1 99.6 2.1 3.93 --- 60.1 414.4 62 48.4
3-6 55 Ebon AZC 45 SiC OF-IS 1600 c 3.743 3.10 100 to 4.2 .... 58.2 401.3 83 4.1.
3-1 10 Ebon'AZC 30 SiC UF-I5 1600 c 3.895 3.84 100 0.5 3.51 .... 84.1 519.9 97 1.8
3-8 30 Ebon AZC 10 SiC UF-15 1600 c 4.01 4.01 100 1.15 3.41 .... 83.6 516.4 93 11.6

4-1 SO A-16 '10 SiC UF-15 1150 c 3.895 3.9; 19.6 5.36 ... .-* 48.6 '335.3 51.9 8.4
4-2 80 A-19 20 SiC UF-15 1750 c 3.819 3.83 91.1 2.18 .... ... 19.1 482.6 11.9 10.8
4-3 90 A-IS 10 SiC F-1OO0 1150C 3.835 3.91 53.6 4.96 .... .... 50.9 355.5 60.9 9.2
4-4 70 A-16 30 SiC F-1O00 1150 c 3.144' 3.15 99.8 4.92 .... .... 45.8 319.3 52.9 I?.2
4-5 50 A'16 50 SiC F-1061 1750 c 3.594 3.60 99.8 6.32 .... ... 45.4 311.1 52.4 9.1

100 Ebon' A 3.91 3.99 99.2 2.1 5.0 1450 90 620.6 ... 3
100 Ebon AZC 4.01 4.11 100 .86 2.31 1545 86 593.1 37.1 1
PAD SiC Type 1 3.13 3.23 38.8 2.2 5.8 .... 90 120.6 ---. It

s Kic results unattainable with technique used
1* Grain Size not obtained, Iaterial would not Etch
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ý657-1
A120 3

16000C, 3000 psi
A120 3  Ceralox

35, CERCOM INC.



657-2
A120 3  S 10% S 'iC
16000C 3000 PSI
SiC HCS Beta
A1203 Ceralox

'36 CERCOM INC.



657-3
A120 3 0 20% SiC
16000C 3000 psi
SiC HCS Beta
A120 3  Ceralox

37 CERCOM IN.C.



657-4
A120 3

16000C 3000 psi
A1203  A-16

38 CERCOM INC.



657-5
A1203 010% SiC
160001t 3000 psi

A120 3  A-16
SiC 15 UF

39 CERCIOM INC.



660-3
A120 3

182.50C 3000 psi
A1203  A-its

40, CERCOM INC.



660-4
A1203 *30% SiC
18250C 3000 psi

A1203  A-16
SiC HCS Beta

41 CERCOM ýINC.



660-5
'A'20 3 0' 50% SiC
18250C 3000 psi

A1203  A-16
SiC HCS Beta

42 *CERCOM INC.



660-6
A1203 030% SiC
1825 0C 3000 psi

A1203  A-16
SiC 15 UF

* 43 CERCOM INC.



660-7A
A120 3  0 50% SiC
18250C. 3000 psi

A120 3 . A-16
SIC' 15 UF

44V CERCOJ, INC,



660-78
A120 3 0 50% sic
18250C 3000 psi

A120 3  A-16
sic 15UF.

4 - CERCOM INC.



674-1

A120 3

1825°C 3000 psi

A120 3  Ceralox

rI

,,46 CERCOM INC.



763-1
Ebon A 0 10% SiC
1600*C 3000 psi

SiC 15 UF

4711 .CERCOM INC.



763-2
A120 3 0 30% SiC
16000C 3000 psi

A1203' Al-16
SiC 1000 grit

48 C.CERCOM INC.



763-3
A120 3 * .10% SiC
16000 C 3000 psi

A120 3 , A-16
sic 1000 grit

49 'CERCOM INC.



763-6
Ebon AZC 0 45% SiC

16,00 0c 3000 psi
sic is UF

50o CERCOM INC.



763-7
Ebon AZC 0 30% SiC

16000 C 3000 psi
sic i5 UF

CERCOM INC.,



763-8
Ebon AZC *10% SiC

1600'C 3000 psi
SiC 1iSUF

52 CERCOM INC.



774-1
A120 3  * 10% SiC
1750 0C 3000 psi

SiC 15 UF
A1203  A-16

53 CERCOM INC..



774-2
A120 3 020% SiC
1750*C 3000 psi

SiC 15SUF

A1203  A-16

54. CERCOM INC.



774-3
A1203 * 10% SiC
1750 0C '3000 Psi

SiC 1000 grit
A12 0 3  A-16

'55 C'ERCOM INC.



774-4
A120 3 030% SiC
17500 C 3000 psi

SiC 1000 grit
A!20 3  A-16

J56. CERCOM INC.



774-5
A1203 050% SiC
1750'C 3000 psi
sic 1000 grit
A1203  A-16

57 CERCOM INC..



"PAD" SIC Type B

58 CERCOM INC.



*IL I

D TE:


