.

¥

A B0 D¢ 16340157

AD-A244 472
JEITAETIE

IDEVELOPMENT,’FABR;CATION
AND
BALLISTIC TESTING
oF
NEW, NOVEL LOW-COST,
HIGH PERFORMAMCE
[)1rlc: 'BA;LrsTlc MAfeérAué
— '

“LECTZ §
JAN 08 1992¢

D #inal Report

Contract No. DAALOLI-£3-C-0032

Richard J. Palicka
'Jnck A. Rubin

for public rolease ard saio; its

This documcm has bocn upp. oved
d: ‘tribution is unlimited.’ July 1991

2—00503
‘lﬂﬂmllﬂllﬂ[ﬂﬂm

SN

Reproduced From
Best Available Copy

% S

j

¥
i
1
i
!
H

e T g

pr—

S—




WASTER CCPY REIP THIS COPY FOR 2EPROCUCTGN 2URPOSIS

REPORT DOCUMENTATION PAGE Form soorcved

OMm8 No, J704.0188

PUCNE FPOOMNG NAGER "I 2 CSLARTION 1 AISITRAUAR ~ FIUMMEE 10 sveviqe | DU P “MOOME.  ATWILAT LNY TURE TOF rPeegamear) IUTUCTIOML. [MIFURAG EINRUAG 108 YOu
JAUNIIAG 4nu TRt ImAg (Y QIS FeONS, NM u-rn--—q INE CCTHITDON 30 IRTOMMSNON. il COR Magrry /SRR NG LAV Dud QI SILRILE OF 4% JTNEY INOWCT 3t
COMITTIC Y Q. \AIOPMeDG 4 ACIUNAY La 9 IR SETVCTL. S PCIDIBIE P OF AINWANION OO INOM ong Ye00rts. 1Y erte
Oaves gt dy, Swit ' 256 ém«qm A w:um u-m womnﬂvvmmomlw Sepucuon Ponect (37040 1483, Wawwagton. 2C 330D

T3, AGENCY USE ONLY [Leave Nara) | 2. REPCAT OATE ' 3. REPORT TYPE aANC QJATES COVEIED

Oct 91 .| Final Report -, n.¢ g3 - 30 3e5 90

4 TITLE AND SUBTITLE 5. FUNDING NUMBERS
Development Fabrication and Ballistic Testing of '

-New, Novel Low Co-? High Performance Ballistic

DAALO3-88~C-0032
Materials

& AUTNQR(S) :
Richard Palicka
Jack Rubin

7. PERFCRMING JRGANIZATION NAME(S) AND ADDRESS(cS) 8. P€RFORMING CRGANIZATION

) REPQRT NUMBER
Cerccm Inc. -

1960 Watson Way . '
Vista, CA 52083 ' '

9. SPONSCRING / MONITORING AGENCY N2ME(S) AND ACTRESSIES) ‘ 10. SPC.~SORING / MONITORING
, , AGENCY REPCGRT NUMBER
U. S« Aray Fesearch 0f£3
P. 0. Box 12211

ARO 26163.1-MS~:
Research Triangle Park, ¥C 277Q9-2211

11. SUPPLEMENTARY NCTES
1he view, opizions and/ar findings contained ia this report ars those of cthe
aurbar(s) and should not be construad as an official Departaent of che Arxy
position, solicy, or decision, upless 30 desiinated 5y other documentacion.

pr—————
13. ASSTRACT (Mamumloa\-onw

123, QISTRIBUTION/ AVARABIUTY STATEMENT 125, QISTRISUTION CCO%

Appcoved for public relesse; discribucion unlimited.

The Program goal was to develop improved low cost high petformance ballisticr
armor ceramic materials thru zicrostructural control. The system Alp03 +
S1iC particulaces was investigated by varying the type, puritv and particle
3izes of the starting material and the volume percentages of the SiC dispersed
phase. Low cost as well as high cost starting macerials were investigated.
Physical, mechanical and microstructural data was obtained. The study
determined that low cost starting materials appear ro work as well as high

" cost materials and that an inexpensive Al203~5iC composite containing ouly

10 v/o S1C could: perform as well as sintered alpha silicon carbide as a

ceramic ballistiﬂ armor.

v

14, SUMECT TEAMS

Ceramic Armor !a?crials - Jlumina,: Sllicon Carbide
Composites ' : - o -} 16 PICE COOY

15. NUMBER OF PAGES

i

17. sECUmMITY QASSWICAI’ION 16. sEQuRITY QAS»NCA..QN 9. SICUMW Q.ASW'CAHQN 20, UMITATION QF ASSTAM
Qe ﬂ’\)lf or )’MS PAGE . GF ARSTRACT .

UNCLASSTFIZD | - UNCLASSITLED . CNCLASSIFIED oL

©ONTN 7%42401.180-550Q

¥anaara farm (98 (Rey 139




TABLE OF

1.0 INTRODUCTION .....coveens

2.0 EXPERIMENTAL PROCEDURES .
2.1 RAW MATERIALS ......
2.2 'PONDER PREPARATION
2.3 FORMING ............

3.0 PROPERTY MEASUREMENTS ...
3.1 DENSITY ..ovvvnennns
3.2 STRENGTH .......:...

3.3 HARDNESS L I B B B B 2 A AR J

3.4 FRACTURE TQUGHNESS .

3.5 GRA'N S'ZE L N ] .‘l. ’» o0
4.0 RESULTS .uivevereionennne
SIIO D‘scuss'o" ® & 0 9 6, % 4 & 0.0 B e OO

6\0 coNcLUs'oNs ® & 5 0 0 & " 0 P e DS

7.0° REFERENCES ..vvvvviivnses
TABLES |
F IGURES
APPENDICES
APPENDIX 1.

APPENDIX 1.

CONTENTS

Page

cheteecertsacarenesene 1
® % s 0 0006 4 0000000000000 . 1
* e s o0 v 000 . e 0 e 0000 00 1

L R L R I A N N AR SN Y
ro'oc.aov'toccco"o-cov-
o.toboooo'oboooonv-oooo.v
L I I I I A I A A
L A A I A I R A A I N A A
L R R A I I I AR B RS A
L I RN I I S R O A R S NN Y
sevsserrer e s
L A R N R

f
@ 6 9 0 B P VOO EIOLEERPEIIESEOLE

O U W W W W N N N NN

ooouoo-nopo.o_ou"'colotn

- el
-

LR A N A A A I Y IR B R T A A Y

Accesion for

CTiC TAB
U.oannoueced

\

NTIS CRA&L d
O

O

Juticeton b

——— v -

o o]

S —




Table 1

Table 2.

Table 3.

LIST OF TABLES

Title
Page
Raw Materials , 12
Residual Penetrations and Penetration | 13

Reductions for Impacts at 1500 m/s on Cercom
Incorpnrated S!MD!QS

Comparison of Scaled Penetration Reductton: 14

of Baseline ADY90 and Cercom lncorporatad
Coramics

i




Figure 1.

Figure 2.

Figure 3.
Figure 4.

Figu?o 5.

Figure 6.

Figure 7. °

Figure 8.'

Figure 9.
Figure 10.

Figure 11.

Figure 12,

LIST OF FIGURES

Title

Effect of Pressure Assisted Dansification
(PAD) on the strength and grain size of

“pure” alumina.

Effect of Y/o SiC on the strength of hot
pressed alumina,

Effect of Volume X SiC on the strength of
composites Pressure Ass1sted Densified
(PAD) at 1750°.

Relat1onsh1p between Weibull modulus (m)
and. standard deviation (o) of strength
measurement (MOR-4 pt).

Effect of Y/, SiC on the hardness of
A1203-SiC composites.

Aluminum Oxide comparisons.
A1203'SiC-composites pérformanco{

idealized mwcrostructures 1n the svs*em
Al1203-SiC.

»Morphqlogy of alumina_grain.v

ldealized microstructures and direction
of residual stresses.

Schematic of microstructurnl features in
mater1als.

Development of microstfuctures in

A1203-SiC composites.

41

Page
15
16

17
18

19

20
21
22

23
24

26




Figure

Figure

Figure

Figure

Figure

Figure

13.

14.

15.

16.

17.

18.

LIST OF FIGURES - Cont'd

Title

Effect of grain size on the strength of
“pure” hot pressed alumina.

Effect of average grain size on the
strength of alumina ceramics (with or
without SiC).

True histograms of strength distribution
of two samples of 50 Y/, Al03 - 50 V/O
SiC (Alcoa A-16 SG - Lonza 15-UF) -
singularly and then combined.

Schematic histograms of strength
d1str1but1ons.

A1203-SiC composite with unusually hwgh
Wleull modu lus.

Retained strength after compressive
failure of a constrained ceramic target.

' ivb

Page
27

28
29
30

31

32




1.0 INTRODUCTION

Sintered alumina (A1203) ceramic, e.g., Coors ADS0, is
a standarqg ballistic armor material. Sintered alpha silicon
carbide (SiC) ceramic, however, performs much bDetter than
Al1203. it was speculated that, perhaps, by dispersing
inexpensive silicon carbide particles in an .nexpensive
alumina matrix, a ceramic alloy or compusite might be
produced that performed as good as essential!ly-pure 5iC, but
at a lower cost. It was also thought that it would be
useful to investigate tne 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 Al1303 matrix.

If A1203-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 A1203 and 51c powders (See
Table 1) were used throughout this study. Ceralox, grade
HPA, (99.97% .pure plus . 0.5 ¥/, MgO), with an average
particle size of 0.5 microns and a surface area of 10.8 m /S'
at a cost of $4.80 per pound is considered the “high cost"
alumina. ALCGA' A-16 SG, with an average zparhcle size of
0.45 microns and a surface area of 8.7 m at a cost of
approximately $1.28 per pound, s considorod the “low cost"
alumina. Three grades of commercially available S$iC powders
were used throughout this study. H. C. Starck Grade B-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 1ntroduced for comparison of the effect of
alpha~ vs. beta~ SiC. Lonza F-1000, abrusive grade’” alpha
silicon carbido, at a cost of $3.60 oer pcund.wns cons idered
the “low cost silicon carbide. .

B




2.2 POWDER PREPARAT |ON

A milling operation was used to prepare the various
blends of Al203 and SiC. (it should be noted, however, that
the miliing operation was used to assure a uniform
dispersion of the constituents, and pnot 1o 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. Isopropyl
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 FORMIN3

The milled powders were carefully loaded 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 placed in an inductiveiy heated furnace and
sintered using  Cercom's . PAD (Pressure Assisted
Densification) process. ‘The pressure used was 3000 psi
(approximately 21 MPa), and temperature varied from 1600°C

"to 1825°C, depending on the predetermined conditions for
~each run. The sintered, densified ceramic part was removed

form the graphite toollng and its surfaces were ''grit
blasted” to remove -any residual Grafciili, -

3.0 PROPERTY MEASUREMENTS

3.1 DENS I TY

‘The theoretical densvt1es for the A1203-$1c composites
were calculated using the rule of mixtures. tindividual .
densities were determined on the "as pressed” billets by the
water immersion technique. The determined densities were
corrected for weter 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.
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3.3 HARDKESS

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

3.4 FRACTURE TOUGHNZSS

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

3.5 GRAIN SIZE

The grain size was defurm1nod by the Linear ihtercept
method.

4.0 RESULTS:

The results for all of the runs made in this
investigation of silicon carbide (SiC), particulate )
reinforced, alumina csramic-matrix~composites are shown in
Appendix | along with two Cecom proprietary, "baseline”
aluminas, Ebon A and Ebon A2ZC, as well as one Cercom
proprietary "baseline” silicon carbide, PAD SiC Type B. In
this appendix results are given for:

* Composition

» PaD! Temperatufé
¢ Density

~ Actual

- *héofotjcal
. Gkain Size |

* Fracture Toughness

3 rength (Modulus of Rupturo (HOR)]

* Weibull modulus

“‘PAD“z areisure Assistéd‘naﬂs%fication - L o R

3




in most casus where there is the absence of some data
in this tabulation (Appendix |), the sample produced in the
“run" was of s density below 2. 3% of its theoretical value
and was not, therefore, interduad for ballistic testing. (n
other cases where the densi., was gresctar than 97.5% of its
theoretical value but data i3 missing, the lack of time,
funding, or both preciuded the measurement from being made.

The strengths and grain sizes of pure Alp03 achieved in
this study as a function of PAD temperature are shown in
Figure ?'. Figure 2 shows ths strengths as a function of
volume per cent (Y/,) siiicon carbide (SiC) in various
~alumina (A1203) 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 (m)
and the standard deviation [std. dev (o)] of the strength
(Modulus of Rupiure (MOR)]. Figure 5 illustrates the
unusual relationship between hardness and VY/4 SiC in the
Cercom proprietary alumina matrix, Ebon AZC, compared with
the more conventional alumina matrices, Alcoa A-16 SG,
Ceralox,and Ebon A (proprictary).

Microstructures of the majority of the Al203-SiC
ceramic. produced in each of the runs are shown in Appendix
It. 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 Ilimited 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 "baseline”. ' Figure 7 illustrates
"~ the outstanding ballistic performance of two Al203-SiC
ceramic matrix composites derived from this study.
Composition, "A"™ . is 1 V/io SiC dispersed in  Cercom's
proprietary alumina matrfix Ebon AZC. Compos-.tion "B" is 10
V/o. 53iC dispersed in Cercom’'s proprietary alumina matrix
Ebon A. The top-perfuriming Cercom SiC also shown on this
chart is Cercom’'s propriscary PAD SiC Type BE. The alumina
"~ baseline materiail shown|cn this graph is Coors ADSC, while
the silicon carbide (SiC) taseline material is Carborundum
(British Petrcleum (BP)] sintered alpha silicon carbide
(Hexaloy). (Note: The baseline silicon carbide is shown in
the legend of this chart as 2ohio (Standard 0il of Ohio)
SicC. This 1is its |[former dasignation prior to the
acquisition of the USA company by the UK company.] '

, "in addition, data for Cercom’s Ehon A and PAD SiC Tyﬁe
B, considered as "reference test”, was obtained at Southwest
Research Institute. The data is pressanted in Tables || and
"',o ' . o ’ N "




5.0 DISCUSSION

The interpretation of the data for the ceramic system
alumina (Al1203) - silicon carbide (SiC) particulates is very
comp lex. Many variables 'are interacting swmultaneously to
produce the resu‘ts ob*a1ned in this study.

Thne most 1nterest1n9 effect 1is the lccation and
distribution of the dispersed, second-phase - in this case,
particulates of SiC. Since it is extreme2ly difficult to
perform exact microstructural snalyses 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 1located within the
alumina grains; (ii) all of the silicon carbide lccated at
the three-grain intersections (i.e., "triple-points”) of the
alumina grains; (iii) all of the cilicon carbide grains
located along the alumina grain boundaries 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” cof 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 thea silicon carbide grains.
The morphology of a typical single crystal grain of Aaly03

- (hexagonal, rhcmbohedral) is shown in Figure 9. Because of

the platelike, anisotropic nature of the grains, the grain
structure in fractured and polished sections can appear to
vary from equiaxed hexagonal grains to needle-like acicular
grains vnicn may indeed be the sams grain, but viewed from
different angles, as also shown ‘n the schematic cross-
sections. in Figure 9. The silicon carbide grains are
normally also hexagcnal regiardless as to whethar they start.
out as cubic or hexagonal powder. The morphology, however,
of the hexagonal SiC powder 1s normally a jagged fragment as
it is the product of a crushed, Acheson process grain. On
the other hand, the beta S$iC starting powder is more regular
in outline because it is the produzt of a chemical process.

[Neote: In the following discussion of'fhe poten-ial
chemical reactions involved, (s) = solid and {g) = gas.

One would assume that since 1) alunina and silicon
carbide are totally immiscible in the solid state, and 2)
since they (Al203 + SiC) do not form a compound, then the
system Al203 + SiC would be non-reactive. However, this may
not be the case. The "native oxide"™ coatiny on the SiC is

~ §i02. This will react «1th A1203 to form mullito. thus:




3 Alz03(g) + 2 SiO2(s) - 3 Al203°2 Si02(g
(normal mullite)

2 Alg03(g) + SiO2(g + 2 Al303¢Si0g(s
(=) (s) (high temperature m&llite)

The SiC powder may also contain carben (or'a carbon-

.producing substance). A reaction is possibla between the
carbon, silicon carbide, and alumina to form %the stable
compound: aluminum silicon carbide, i.e.: AlgSiCq4 or

A14C3+SiC, thusly:

9 C(g) + SiC(g) + 2 Al203(s) * A14Si§4(3) + 6 CO(gq)

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 [A120C
or (Al203°A14C3) or Al1204C or (4 Alz03°A14C3)] and high
temperature mu:lite [A14Si0g or (2 A1203+5i02)] thusly:

3 Al203(s) + SiC(g) = Al120C(s) .+ Al4Si0g(s)
4 A1203($).+ sié(s) - Al404C(g) + Al4Si0g(s)

Unfortunataly, the alumina and silicon carbide can also
reart to form all vapor species. thus consuming each other,
thusly, e.g.: .

A1203(s) * SiC(s) » Al20(g) + $i0(g) * CO(é)

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 suffire it to say
‘that these reactions will be operable in the -~surrently
popular Al20, ~ silicon carbiae whisker composites as well
as in the Alp03 =~ silicon carb1de particulate compos1tes
investigated in this study. :

in the formulating of many composite systems. the
internal <ctresses caused by the d1fferenco in thermal
expansion (or contraction) between the matrix and dispersed

~phase is not taken into considerationy. Al-o, the thermal
expansion (or contructic+) anisotropy of the matrix is
oftentimes forgotten or neglected;. In some systems |ike

- silicon carbide whisker-reinforced, fully dense, fine-grain
silicon nitride, the effect of the differontial sxpansion
may not be a problem ard, in fact, may aid in strengthening
the system or increasing its toughness because -the
reinforcing chase 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
difficult. '

In the case of Al1203-SiC, however, the situation is
much different. Here the coefficient of thermal contraction
for Al1203 is approximately twice that of SiC from 2000K down
to room temperature (a Alg203 = 10 ppm/K and a SiC =z 'S5
upm/K). Depending on the microstructure, tnis phenomznon
can cause the generation of internal tensile stresses within
the Al1203-SiC ceramic. Figure 10 is a diagrammatical
representation of this situation. If the SiC grain is
locked within the Al203 grain, it will put it in tension,
but if the size ratio of A1203:SiC is correct, it will cause
the grain to be under tension; however it will not form a
microcracky. ' Otherwise, a microcrack will form (pre-
existing crack). However, when an external tensile load is
applied tc tne already tensile loaded Al203 grain, the Al,03
grain will rracture transgranularly (See Figure 11)., |{f the
SiC grains are all located at the grain boundaries, fracture
will most likely take place intergra.ularly due to stress
fields trying to separate the Alp03 grain boundaries. As
the figure shows, other types of microstructures will cause
& combination of trans- and inter-granular fracture.

The reasons as to the cause of the dirferent locations
of the dispersed silicon carbide phase within the alumina
matrix must be discussed at this point. If a mechanically-
mixed system such as this were cr.posed only .of 100%
chemically pure Aip03 and SiC, the SiC would most likely end
up at the gra'n boundaries and #¢t the “triple pcints”. 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 Al,03 and
prevent them from growing. It would also make densification

(even when pressure assisted) almost impossible.. But, since.

‘the S1C particles most likely have a film of Si0O2 (“"native
oxide”) on their surface, the wettability by Al,03 is

greatly enhanced. Thia  however, would not be enough to’

cause the formation of a liquid grain boundary phase (most
likely because of the formation of high temperature mullite)
and the grairs wculd still largely be "pinned” as in Figure
12(a). However, with the formation of a liquid phase grain
boundary phase derivea from the ratural impurities in the
alumina, viz., Si02, Naz0, Fez03, Ca0, MgO, and TiO plus
the “pick-up” from the grinding media and ‘he impurities
associated with the SiC, wetting and material transport will
occur, This 1is shown diagrammatically .in Figure 12(b),
whare the aiumine grain boundary moves up to a silicon
carbide grain and is temporarily “pinned” until the liquid

N
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phase starts to wet the grain and allows alumina, dissolved
in this "glassy"” silicate phase, to move around the SiC
grain, causing the alumina to arow around and encapsulate
the SiC. Thus, grain growth and ‘ensification can proceed
by mass transport around the SiC until it is impeded by
other £iC 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
anisotropy (i.e., between the a and ¢ 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 um), the strength
(MORpay) dropped by a2 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
. A1203-SiC is the grain size. When the dispersed silicon
carbide grai:s pin the alumina grains and prevent grain
growth, high strengths can =asily by obtained. in this
study, when the average alumina grain size was kept below 1
um, maximum strengths approaching 100 kpsi could easily be
obtained. As ar example of the phenomena, pressure assisted
sintering or densification (PAD) of “pure” Alcoa A-16 SG
alumina 'at 1825°C yielded a ceramic with an approximately 20
Um average grain size and a maximum strength of only 33
kpsi, while the addition of 30 Y/, fine SiC to this same
matrix caused the average grain size to drop dramatically to
0.54 um 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, A1703-SiC, is loaded with internal  tensile
stresses, microcracks may form during cooling, handling, and
machining of the A1303-SiC (particulate) composites. It ‘is
assumed that the maximum MOR (modulus of rupture) measured .
represents the potential of the mechanical properties of the
system free from prematurely developed cracks. To test this
hypothesis, strength data from a duplicate run was plotted
as a histcgram of strength distribution, singly and
combined. The result 1is 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 refinec,
then the histogram might look like the non-crosshatched aree
in Figure 16(b). Figure 16(a) shows a uniformly flawed
(microcracked) ceramic that has a very uniform tensile
stress field throughout onﬁ'where max imum strength is very




close to its mean strength.. This situation actually
occurred when ALCOA A-16 SG alumina was composited with 10
V/o of coarse-grained SiC (See Figure 17). This material
was densified with pressure assistance at 1600°C. The
combination of the internal stress produced by the coarse
SiC particle actirng on the Al203 grains, plius the intarnal
stress of the Al1203 grains acting on themselves gave rise to
a urifornly microcracked (i.e., totzally "flawed")
microstructure resulting in an extremely nigh Weibull
modulus (m) (approaching 50), with a moderate but sccepcable
strength of 60 kpsi. (See Figure 17.) This ceramic would

have an extremely predictable load oeqr1ng 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 3ilicon carbide) was met. The question
o is: What will be the performance of these materials as

armor? (f one subscribes to the hypothesis that a ceramic
with transgranular fracture 1is the best performing as
armorgz, then there are materials in this system that will,
potentially, perform extremely well. if one subscribes to
the hypothesis that intergranular fracture is best3, then
these materials exist in this group and, lastly, if mixed
mode fracture is shown to be the bestg, then this study also
produced this type of material.

However, if one prescribes to tﬁe,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 (ogf)
after large strains as in Figure 18, then a ceramic which
granulates into a fine powder upon fracture might be the
best candidate for an armor systemy. If the Weibull modulus
is' large, as in a highly anisotropic, highly internally
stressed lignt-weight ceramic armor material such as Ties
it might perform similarly to TiBz. With the Al03 - 10 Y/,
SiC (particulate) ceramic developed 1in’ this study, this
material, with its strength of 60 kpsi and Weibull modulus

2 TiBz .hot pressed ceramic s normally a coarse-
~grained, internally stressed ceramic because of a large
difference in thermal expansion between the a and ¢ axes 5f
its hexagonal grains, Also, each grain is further highly
strained because of the precipitation of TiC within each

grain. Carbon (available during the reactiun 2 Ti0j s) + 3

C(s) * B4C(sg) ' 2 Tiez( ) *+ 4 CO(q) is soluble in T182 but
the metastable solid solution breaks down on reheating,
forming a fire dispersion of TiC within tho already highly°
stroasod TiB2 crystnilitos. : L
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of around 50 is so completely flawed, that 1is, totally
networked with microcracks it might break up very easily
into tiny fragments upon ballistic impact and form a
compacted powder that, when 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 A1203 grain size,

2. The addition of silicon carbide (SiC) particulates
to alumina (A1203) significantly reduces the grain size of
the alumina.

3. The addition of 10 Y/, of a low cost SiC to a low.
cost aluriina results in a ceramic with a Weibull! modulus

‘approaching 50. This material 1is expected to have good

baliistic resistance since 'its uniformly flawed structure
wili yield a granulated debris with high iresidual strength
when constrained. (This type of ceramic will also find use
in structural applications because . of the ' superior
predictability of .its strength characteristics.)

4. Cercom's proprietary alumina cersmic compositions
containing 10 v/ of a low-cost SiC performed as well as or
better than MTL's base-line s1ntered alpha silicon carbide
(Carborundum’'s Hexaloy).
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Tabile 1.

Raw Materials

Vo lume Surface

Co ' Pricing Particle Area*
Material Mfg. Designation $/Pound Size* (M2/g)
"Al203 Ceralox HPA $ 4.80 0.5 10
Al903 Alcoa Aluminum A-16 sa $ 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

” As Provided by Suppliers

12 -
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Table 2. Residual Penetrations and Penetration eductions for Impacts at
1500 m/s on Cercom Incorporated Samples

' Scaled
Areal Residual Penetratiocn| Penetration
Test Sample Density Proj Penetration] Reduction Reduction
No. Ident. | (g/cm?) { L/D (mm) ~ (mm) (mm/g/cm2)
sic-8 |
76 |4-367-1A 8.16 10 35.2 34.9 4.28
77 {4-367-18 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 16 17.6 55.3 4.52
81 |4-367-2¢ | 12.23 15 39.4 49.3 4.03
85 |4-388-1a 16.37 10 0.0 7.9 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 [4-363-1A 10.08 10 42.9 29.6 2.94
83 |[4-363-18 | 10.01 10 37.7 33.8 3.38
84 [4-363-1C 10,11 15 48.9 37.9 3.75
88 [4-363-2A | 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
Proj. Density Reduction Areal Density |Material
Material L/0 (g/cm?) (mm/a/cm?) (mm/g/cm?) AD90
SiC-8 10 8.18 5.11 . 2.68 1.907
Sic-8 15 -8.19 4.63 3.07 1.507
SiC-B 10 12.26 4.65 2.44 1.906
SiC-8 15 12.23 4.03 2.67 1.511
SiC-B 10 16.37 4.39 2.19 2.004
Sic-8 15 16.31 3.75 2.26 1.657
. |EBON-A 10 10.04 3.18 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
EBON-A (low) 15 15.13 2.82 2.38 1.185

e
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f Ceralox

. Ceralox

0 1600

' Temperature, °C

" Fig. 1 = Effect ofl pressure assisted densification (PAD) on
~ the strength and grain size of “pure” alumina.

s
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Grain Size
(G.S.) avg.
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Strength
o MOR {max)

kpsi |

| B ] L.

| | ‘

0 10 20 30 40 50
Volume Per Cent (v/0) SiC

Fig. 2 ~ Effect of v/o SiC on the strength of hot pressed alumina e




Kl 1 | TR I

v/o SiC

Fig. 3 — Effect of Volume % SiC on the strength of comp&'sits
Pressured Assisted Densified (PAD) at 1750°. .

1T

0 100 20 30 40 50




 Weibull

Modulus
m

Standérd Deviation

Fig. 4 -— Relationship between Weibull modulus (m) and

standard deviation (o ) of strength measurement (MOR-4pt).
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e .

Knoop Hardness, 1 Kg load,
Kg/m? (mean value)

2000 —

jsoo. - 'g__'ﬂ" e -

. = 1 std dev. (avg)

! \° EBON AZC

1000

v/o SiC

Fig. 5 — Effect of v/o SiC on the hardness of
- AlhO5 - SiC composites.
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All SiC graine located
All SiC grains . at the triple-points
within Al,O, grains of Al,O; grcins

"All SiC grains located : " SiC grains located ,
along A!,0, grain boundaries * within the Al,O, grains
including triple-points and along the Al,O, grain

boundaries as well as
at the triple-points.

Fig. 8 — Idealized microstructures in the system Al,O, - SiC
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Il Cross-section
paralle} to
basal plane

1 Cross-section
at right angles
to the basal plane

 Fg9— 'Moyphdogy cf dumina grain,
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Transgranular Fracture Intergranular Fracture with some

transgranular fracture

Intergranular fracture

Mixed mode fradure, i.e. both
intergranular and transgranular

Material | Hi-temp coeff of expansion
ALO,; a = 10x 10%/°C
¢ SiC aE5x10%°C

Fig. 10 — Idealized microstructures and direction of résiddal slresses.
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SUBSTITUTIONAL ATOM HIGH MELTING POINT

' o SECOND PHASE -
INTERSTITIAL ATOM COHERENT

/ EDGE DISLOCATION  PRECIPITATION SLIP LINES
aua: / INCOHERENT l
mmemt % PRECIPITATION
ne |1e ",
[ & f L4 ° v ‘.0 hd
- . v, . e
iy -
Q
]
e : GRAIN
. il ' BOUNDARY
ELEMENTARY LAl ' @ PRECIPI-
CELL 7 TATION
. . \ \
- SCREW
DISLOCATION
INTERGRANULAR
FRACTURE TRANSGRANULAR FRACTURE
LAYERS OF GRAIN ‘
BOUNDARY
PRECIPITATES

Fig. 11 — Schematic of microstructural features in materials.
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I I , m |
No significant amount of liquid present at grain boundary. Boundary “pinned”

(b)

1 o 3 o [11]
Significant amount of liquid‘present at grain boundary. Boundary sweeps around
insoluble particle and encapsulates it. Grains can grow virtually unimpeded.

= Alumina (Al,0,) grain

W - silicon Carbide (SiC) grain
ﬁ——"‘\\' = Grain boundary liquid phase B

Fig. 12 — Development of Microstructres in Al,O, - SiC composites.
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0 5 10 15 20 25

Grain Size (G.S.) avg., um

Fig, 13 — Effect of grain size on the strength of
"~ “pure” hot pressed dumina. :
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Maximum 110 -
100 -
(43 .
MOR(max)
 kpsi »
50 -
-~
Minimum 25. . —
0. Ll IR DU T R

0 5 10 15 20 25 30 35
Grain Size (G.S.) avg., u m

Fig. 14 — Effect of average graih size on the strength of
: alumina ceramics (with or without SiC).
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Fig. 15 — True histograms of strength distribution of two samples ;
of 50 v/0 Al;04 - 50 v/0 SiC (Alcoa A~16 SG - Lonza 15 up
- smgularly and then combmed.
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95 Kpsi
f
Z
L R0 00
50 70 % 110 50 - 70 9% 110 50 70 9% 110
MOR (kpsi) ‘ ‘
‘ .. _660-7B 660-7A 660-7_
No.of Samples n= 10 9 ! 19 (i.e. A +B)
Mean  x= 834 833 83.4
One std. deviation ¢ = 17.3 , 133 151
Coefficient - '
- of variation cv = 20.7% 16.0% 18.1%
Weibull Modulus: m= 456 5.85 o ~ 52




Unusual Ceramic
Uniformly flawed

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

S MOR

Typical “Advanced” Ceramic
Poorly distributed flaws

~toeee Truncite distribution -———‘ _
- ‘ 1. m very small (4-10)

2. poorly predictable strength

3. high avg. strength

original distribution ——.__/ _— original distribution

k .(b)'

b ——w]| O MmOR

Remove thru proof testing®

*then nv larger. (Because of predictable strength.
Potentially gqod erigine material.)

Fig. 16 - Schematic histograms of strength distribution.
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(ALCOA A-16 SG - Lonza 1000 grit)

MOR (l(pSI') 0 . 20 40 60 80 100 120 140

763-3

Mean x = 60.1 kpsi
One std. deviation 6 = 1.4 (66 = 8.4 kpsi)
Range R = 57.9 - 622 kpsi
Weibull Modulus m= 48447

Fig. 17 = Al;04 cl:omposite‘ with unM high Weibull modulus.
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O =strength

O = compressive strength
O i = residual strength of faulted sysiem
£ =strain '

Fig. 18 — Retained strength after compressive failure -
' of a constrained ceramic target.
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COMPOSITION, v/o DENSITY "% Of GRAIN Kic Inoop MR '
un # A3 . $ic¢ TENP ACT THEOR THEOR SIZE  MWPa-m 1/2 HARDNESS  KPSI NPs KPS} WEIBULL
g/ce ‘wn, avg. , e, (1 8
7-1 100 Cevalox 0 1800 ¢ 3.987 N 99.4 .15 4 1556  62.03 421,17 10 18.34
J-2 30 Ceralor 10 Beta 1600 ¢ 3.893 .4 3.4 .85 1.58 1653 70.08 3832 &0 34
7-3 80 Cerelox 20 Beta W00 e 37719 383 98.87 .48 .13 155 T4.28 512 85 5.4
J-4 100 A-18 0 1600 ¢ 3.97¢ 3.99 93.7 .09 s 431 42.05 289 45 14.8
J-5 %0 A-18 UF-15 100 ¢ 3.9 . 19 39.9 13 3.3 w17 %A §50.% 106 1
T4 018 UF-15 1600 ¢ 3.882 183 954 R -~-- 5.9 5213 &5.9 12.6 .
. - . o »
0-3 100 &-1§ ] NN 3982 3.9 9.2 1.8 L w3 4 0B 35.% R
0-4 10 A-16° 30 SiC Beta 1825¢ 3718 3.5 9.1 K1 3.01 1830 77.83  §3.2 11 $.30 .jfl.:f?
0-5 50 1§ 50 SiC Bete 1825 ¢  3.5M 3.80 9.2 64 LN 1831 15,15 52.11 85 10.8
g6 ' 70 A-16 30 SiCUF-15 1825¢ 3.3 nn 9.3 K1} 3.05° 1158 .2 §35.8 M §.32 e
0-74 50 A-1§ 50 SiC UF-i5 1885 ¢ 3.5% 3.80 i®we .86 .13 - 833 5Te.¢ 100 5.85
§-18 S0 A-18 50 SiC UF-15 1825 ¢ 3.55 3.8 3.6 5 2.40 1w 834 §14. 102 4.56 ‘;:5.-
4-1 100 Ceralox ] 185¢ 3.9% 199 100 10.3 : 1588  41.2 248.1. 45.5 a S

=2 7 Ceralox 30 SiCGeta 1825c¢ 318 315 NI 1.55 .10 a4 0.3 5539 8 1.5
4-3  SU Ceralox 50 SiC'Beta 1825 c 3.56 .60 9.8y LU L. 1760 - 35.4 8.0 §0.2 13
4-¢ 100 Ebon AIC ] 4008 4L 100 weae 4 1550 4.5 U4 539 i
45 10 tbon AZC 30 SiC Beta 1825c¢ 3.853 3.4 100 183 4.9 1516 485 3T 504 13
4-6 55 Ebon AZC 45 SiCBeta 1825c¢ 3.672 319 8.2 L1y U Hgs 532 3668 802 1§

331-4 85 Ebon AZC 15 SiC Beta 1825 ¢ 1.8 LU 1502 8.3 109 5.1

3-1 30 cebona 10 SICUF-IS 1600c¢ 3813 39 91.5 A1 013 - R4 4302 88 1.2

3 10A18 30.5iC F-1000 1600 ¢ 3.74 .15 9.4 1.1§ 1.3 e V% V{18 B 44

33 %016 10 SiC F-1000 1600 ¢ 3.836 1 || 4.6 Ll .93 e §0.1 (3130 N Y S N

3-§ 55 Edon AZC 45 SiC UF-15 1600 ¢ 3.743 3.70 100 " 4.2 == 58,2 413 83 4

3-1 10 Ebon AZC 30 SiC UF-15 1600 ¢  3.895 kR U 100 .5 .51 el L% 5189 9 1.6

3-8 90 Ebon AZC 10 SiC UF-15 1800 ¢ 4.07 4.0 180 1.15 3.48 weee 836 S4B 1.4

=1 0 A-16 10 SICUF-IS 1750 ¢ 3.835 3.9 . %6 536 o ssee 486 8.3 5B 84

-2 80 A-16 20 SiCUF-15 1750 ¢ 3.81%.  3.83 951 .48 wene Al 1 B YRR | 10.8

=3 90 A-18 18 SiC F-1000 17150 ¢  3.885 - 3.4 "Ni % eee - 50.3 3555 0.9 1.2

=4 10 A-16 30 SiC F-1000 1750 ¢ 3.744  3.15 LLI N H uee “es 458 3108 528 12.2

-5 50 A-16 50 SiC F-1050 1750 ¢ 3.58¢  3.60 9.5 6.3 e - 454 3T 824 4.1 S
100 Ebon A o B 8 .9 .2 55 B X I 56 98 620.6 - L N
100 Ebon AZC $.08 41 100

T X TR 1S TICNE TR N T S B -
P $iC Type 8 EIEC T - S % SR ¥ SN N SRS | S 1N RS s

¥ Kic results unattainabie with technique used
¢ Grain Size not obtained, Yaterial would not Etch

APPENDIX |
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1600°C"

3000 psi
4 Ceralox




ALO, ® 10% SiC
1600°C 3000 psi

\ ' | SiC_ HCS Beta
: Al, O, Ceralox

e ~ CERCOM INC.

s -




ALO, ® 20% SiC
1600°C 3000 psi
SiC  HCS Beta
Al,O, Ceralox

CERCOMINC.




" 1600°C

- 3000 psi
A-16




657-5
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A-16
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i
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: 1825°C 3000 psi
Al 203 A‘16




~ 660-4
Al,O;, @ .30% SiC
1825°C 3000 psi
ALO;  A-16
SiC  HCS Beta
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Al,O; @' 50% SiC
1825°C 3000 psi
Al,O0, A-16
SiC HCS Beta

. 47'{ o L ._CERCOM,iNC; |




- 660-6

AlLO, e 30% SiC

1825°C 3000 psi
ALO;  A-16
SiC  15UF
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Al,O, ® 50% SiC

1825°C. 3000 psi

' A|203 . A“16

- SiIC 15 UF
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Al,O; ® 50% SiC

1825°C
" AlLO,
- sic

- | 3000 psi
A-16
15 UF :

4?

| CERCOM INC.




. o 1825°C 3000 psi
' - AlLO;  Ceralox

.




Ebon A @ 10%SiC
1600°C 3000 psi - |
sic  15UF - . - \

1. CERCOMINC.
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AlLO; e 30% SiC
1600°C 3000 psi
AlLO;, A-16
SiC 1000 grit
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' Al,O; @ 10% SiC
1600°C 3000 psi

Al,O,. A-16 ‘

SiC 1000 grit | . , ‘

4 ' 'CERCOMINC. .




763-6
Ebon AZC e 45% SiC
1600°C 3000 psi
SiC 15 UF

50 7

. CERCOM.INC.




763-7
Ebon AZC e 30% SiC

1600°C
SiC

3000 psi .
15 UF '
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Ebon AZC e 10% SiC
1600°C 3000 psi
SiC 15UF
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Al,O; ® 10% SiC
1750°C 3000 psi
SiC  15UF
Al,O; A-16

"'53 C

 CERCOMINC.




ALO, e 20% SiC .
1750°C . 3000 psi
SiC 15 UF
ALO,  A-16
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ALO; e 10% SiC
1750°C 3000 psi
SiC 1000 grit
AlLO;  A-16

ss ' CERCOMINC.




AlLO, ® 30% SiC
1750°C 3000 psi
SiC 1000 grit
ALO;  A-16

56 .

-

- CERCO

M INC.




ALLO, ® 50%SiC
1750°C - 3000 psi
SiIC 1000 grit
AlLO;,  A-16
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