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ARMY MATERIALS AND MECHANICS RESEARCH CENTER

SOME NEW POTENTIAL CERAMIC-METAL ARMOR MATERIALS FABRICATED
BY LIQUID METAL INFILTRATION

ABSTRACT

An investigation was initiated to explore economical methods of fabricating
potential lightweight ceramic armor materials based on liquid metal infiltration
processes. Fabrication, microstructural, and limited mechanical property data on
AlB,,, SiBg, B,C, boron, and various mixtures, infiltrated with liquid silicon
and aluminum are presented. The possibility of introducing limited ductility in
such ceramic-metal systems and the concept of a "gradient" armor are considered,

" and successful preliminary experiments are presented.
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INTRODUCTION

‘In recent years, low density, high elastic modulus, high hardness ceramics
have been utilized extensively for lightweight armor applications by the U. S.
Armed Forces and to a very limited extent by the U. K. Armed Forces. Consider-
able’sums of money have been expended to produce zeramic armor products that, by
the very nature of their component parts and more particularly by tha’r method of
fabrication (such as hot pressing), are expensive. A state-of-the-art review of
ceramic lightweight armor materials has recently appeared.! One less expensive
ceramic aimor material (cheaper than an equivalent hot-pressed material) is based
on the infiltration of silicon into a boron carbide/carbon preform; this material
has been ceveloped commercially and is being utilized by the U. S. Armed Forces.!

Additionally, it has been persuasively argued that the introduction of a
limited amount of ductility? (up to 0.5% strain or more) at the rear face of a
composite ceramic-reirforced plastic armor system could have a significant effect
in increzsing the ballistic limit of a ceramic armor system. Wilkins? pictures
essentially a uniform two component system of a ceramic and a metal component
and also & graded system with a "graded cermet" transition zone changing smoothly
from 100% ceramic at the ceramic side of the zone to 100% metal at the metal side
of the zor2. Such a system would be able to sustain the reflected tensile wave
(resulting from ballistic impact) longer before ultimate failure by fracture than
a system with essentially zero ductility. Various apprcaches to this problem
apcort frorm liquid metal infiltration have been advocated including the hot-pressed
Al,03-Mo gradient system,> however, liquid metal infiltration would seem to have
the great attraction of relatively low temperature processing compared to hot-
pressing processes.

A previous study on the fabrication of graded ceramic-metal systems by
infiltration was reported by Goetzel and Adamec" in 1956. Nickel alloys were
infiltrated into cold-pressed titanium carbide bodies which had been formed by
using pressure gradients and selective particle sizes. Their primary interest
was to produce materials for use in high temperature engine components such as
turbine buckets and nozzle vanes,

With these criteria and background in mind an experimental survey was
mounted on liquid metal-infiltrated ceramic armor materials: low density and
immediate availability in powder form were selection criteria for the ceramic
components, and low melting point and low density were the economic and density
conditions relevant to the liquid metal infiltrants.

SYSTEMS INVESTIGATED

Potential lightweight ceramic armor materials immediately available in
powder form were B,C, alpha-AlB;,, SiBg, SiC, alpha-Al,03, TiB,, CaBg, and boron.
' Metal and metalloid infiltrants considered were aluminum (melting point 660 C,
density 2.70 g/cc), titanium (melting point 1675 C, density 4.54 g/cc), and sili-
con (melting point 1418 C, density 2.33 g/cc). Nickel was eliminated due to its
high density (8.9 g/cc). Titanium was finally rejected due partly to its density
and partly because liquid infiltration temperatures would be similar to tempera-
tures used in conventional hot-pressing processes and hence processing costs

would still be relatively expensive. The systems investigated are shown in Table I,
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Table I. MATERIAL COMPONENTS USED FOR INFILTRATION STUDIES

— Sinale Infiltration Studies Dual Infiltration Studies
Silicon Infiltrant ATuminum Infiltrant | Silicon and Aluminum Infiltrants
' | in a Two~-Stage Process
100% Boron . 100% doron AlB,, . L
190% AlB,, " 100% SiBg B,C-51/51Bc-A1
10¢:% BLC (BPI) 100% AlB,,
1002 B,C {NC) 80% AlB,,/20% Boron A1B,,-S1/S1Bg-Al
90% B,C (NC)/10% Boron| 60% A1B,,/40% Beron
80% BLL {NC;/20% Boron 100% B,C (NC)
100% SiBg
80% £iB./20% Boron

Notes:

. 1. Boron: An umorphous grade produced by AREMO Products Inc., Briar-liff
‘fanor, New York. Aluminum and silicon infiltrants were standard labora-
tory grade powders from Fisher Scientific Co., Fairlawn, New Jersey.

© 2. AlBjy: -320 mesh produced by the Norton Company, Worcester, Mass.

3. 3,C (BPI): '"Hot pressing grade" B,C produced by Boride Products Inc., :
Traverse City, Michigan. i

4, BLC (NC): -320 mesh (Norbide), produced by the Norton Company,
Worcester, Mass.

- 5. SiBg: -320 mesh produced by Cerac Company, Butler, Wisconsin.

EXPERIMENTAL PROCEDURE
Preparation of Specimens

Specimens were cold pressed in one-inch-diameter double-action hardened
steel dies at 17,700 psi (123 MN.m~2). Dry powders were used to produce compacts
approximately 0.3 inch (8.5 mm) thick by 1.0 inch (25.4 mm) diameter. The green
densitiec of pressed compacts were determined from their final dimension and
weight of powder and were typically 60% to 70% of theoretical density. Compacts
were too fragile for water immersion or mercury immersion density determinations.
In early experiments cold-pressing pressures of 11,200 psi (8C MN.n~2) and 6,700
psi (46 IN.m~2) were used but no conclusive effect on the infiltration process
could be seen on the few samples examined and at these lower pressures the boron
carbide compacts were very fragile., In some pressings, a 4 w/o solution of Car-
bowax was added which was subsequently removed on firing, but with the particle
size range of the materials examined there appeared no particular advantage and
ard in most cases inferior infiltrated materials resulted.
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Crucibles and Furnacing

- The single closed-end crucibles used to contain the liquid metal infiltrant
on the' spec.men were machined from graphite to 1-1/4 inches internal diameter
(1-1/2 inchss outside diameter) and 1-1/4 inches or 2 inches deep. For aluminum
infiltration, the crucible was lined with 0.010-inch-thick "Grafoil" graphite
sheet (Metallurgical Grade GTB)* which facilitated removal of the infiltrated
body and eliminated reaction with the graphite crucible, When silicon was the
infiltrant, a layer of boron nitride was used between the specimen and the
crucible to avoid reaction of the infiltrated specimen and the crucible material.
The compact to be infiltrated was placed on top of the required amount of powdered
or granular metal in the bBottom of the crucible; in some cases the powdered infil-
trated meta! was also placed on top of the pressed compact, and in some cases u
Grafoil 1lid to the crucible was used.

All firing schedules were in a tungsten resistance-heated vacuum furnace
operating ar reduced pressure with an argon atmosphere; temperatures were
measured by a W/Rh thermocouple system.

Silicon Metal Infiltration

Typical heat treatment schedules were 15 hours evacuation at 10~5 torr at
room temperature followed by outgassing at 10-3 torr and 750 C for 2 hours, typ-
ical heating rates from room temperature to 750 C being 20 C per minute. Commer-
cially pure argon (oxygen level umknown) was bled into the system at 1000 um
mercury pressure and the temperature was raised to 1420 C at 30 C per minute and
finally to 1500 C for a hold of 2 hours. The compacts were slow cooled through
the silicon solidification temperazure (1418 C) at 50 C per hour and then cooled
from 1400 C at 10 C per minute. '

Aluminum Metal Infiltration

Typical heat treatment schedules were 15 hours evacuation at 10-° torr at
room temperature followed by 1-1/2 hours at 10~5 torr at 500 C, heating rates to
500 C being 20 C per minute. Initial attempts at infiltrating AlB;, at 750 C
(melting peint of aluminum is 670 C) were unsuccessful, but. increasing the infil-
tration temperaiure to 1100 C with a hold of 2 hours resulted in complete infil-

tration (an argon pressure of 1000 um of mercury was maintained from 500 C to
1100 C). Heating rates from 500 C to 1100 C were typically 20 C per minute as
were cooling rates from 1100 C to 700 C. Compacts were slow cooled through the
solidification temperature for aluminur and cooling rates from 650 C were typi-
cally .5 C to 10 C per minute,

Characterization of Materials

Infiltrated materials were examined as mounted polished sections by light
microscopy, and by X-ray diffractometer diffraction methods using CuKa radiation.
Densities were determined on some materials by standard water immersion tech-
niques, although porous specimens were first coated with a sprayed coating of

Krylon acrvlic spray.

*Union Carbide Corporation, Carbon Prod, Div,




Msdulus of rupture and elastic modulus data, where measured, were initially
determined using 4-point bend test specimens with an outer span of 15.25 mm (0.6
inch) and an inner span ot 6.35 mm (0.25 inch) on an Instron Testing Machine.
Specim=n dirensions were 20.3 mm (0.8 inch) x 3.05 mm x 3.05 mm (0.12 inch) and
specimons were tested in the surface diamond ground condition (no special surface
finishing treatment). Bend bars were also machined from 2-inch-diameter infil-
tratics specimens and tested in 4-point bending .'sing an outer span of 40.64 mm
(1.60 inch) and an inner span of 12.70 mm (0.5 inch). Specimen dimensions were
50.8 ma (2.0 inch) x 6.35 mm x 6,35 mm (0.25 incii), Elastic modulus values were
determined from the strain gage (SR-4) instrumented tensile faces of the modulus
of rupture bars.

Fracture surfaces of test bars were examined by scanning electron micros-
copy (AMR machine), the specimens being gold coated for electrical conduction.

The samples were examined by electron probe microanalysis at Advanced Metals
Research, Burlington, and the Admiralty Materials Laboratory. Both machines were
equipped with a light element analysis facility for detecting boron.

Microhardness values, where measured, were recorded on a Wilson Tukon Tester,
Knoop values being recorded with a 100-gram applied load, the mean of eight read-
ings teing determined.

SINGLE INFILTRATION RESULTS

angle Infiltration Experiments with Silicon

1. SiBg-Si and 80% SiBg/20% boron-Si. There was no evidence of infiltra-
tion in these systems under the conditions employed, however, a thin 150-um skin
was observed on the SiBg-Si specimens.

- 2. Boron-Silicon. Incomplete penetration to a depth of 1 to 2 mm observed,
the compact was very friable at the center,

3. AlB;,-Si. Complete infiltration observed in this system. The rather
complex microstructure of this material in the as-polished condition is shown in
Figure 1. Electron probe microanalysis showed the white interconnecting boundary
network to be essentially 100% silicon but with approximately 0.3 w/o aluminum
and less than 0.2 w/o boron as other constituents. The rectangular dark grey
phases within this silicon area were identified as prcbably alumina (48 w/o
méasured aluminum content). The light grey matrix, as expected, was largely a
complex AlB,, containing small amounts of silicon while other areas were probably
SiBg ccntaining small amounts of aluminum (5 w/o). The white metallic inclusions
within these complex Si-B-Al areas were shown to be essentially Fe/Si/Al regions
of approximately equal proportions, possibly resulting from iron-combining impur-
ities in the starting materials (the silicon granules were 97% pure; iron is an
impurity usually associated with silicon).

A density of 2.4 g/cc was measured; a 100% dense 60 w/o AlB;,/40 w/o silicon
compound would theoretically have a density of 2.50 g/cc. In ihe absence cf a
total silicon content is is not possible to calculate theoretical density for
this material.



The X-ray diffractidﬁnpafterns'cf the iﬁfilirdted material wver
complex; parts of the SiBg and AlB

e exceptionally
the complex:ty

12 diffraction patterns could be seen reflecting
‘ of the microstructure as evidenced by electron probe microanalysis.
(me interesting point was the very high degree of preferred orientation of the

(111) silicen reflection, developed during the solidification of the liquid sili-
con infiltrant,

4. ByC (NC)-Si, B,C (BPI)-Si, and B,C/boron-Si mixtures.

The B,C (NC)-Si
compact was completely infiltrated, and

its microstructure is shown in Figure 2a,

Figure 1. Aluminum boride (-320 maesh) infiltrated
with silicon. Mag. 500X

et
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3. NC (-320 mesh); Mag. 100X
19-066-1249/AM =71 Figure 2. Boron carbide infiitrated with silicon

b. BPI; Mag. 500X



The B,C {BPI)-Si compact had a sharp demarcation line about S mm in from the edge
of ;hg 25.4-mm-diameter compact, the internal part of the compact being uninfil-
trated; the penetrated part of the compact had a fully infiltrated microstructure
appearancs (see Figure 2b). This difference is probably a pore size effect and
is discussed more fully in the section on Mechanical Froperty Results,

. The 34C/boron-5i mixtures showed areas of poor boron/B,C powder mixir~ but
otherwise their microstructures were similar to the 100% B,C microstructure.
Boron, a hard material (Knoop hardness> about 2500 kg.mm-2 for = 100-g load), was
added as a2 "sink" for silicon with possible SiB; formatiocn and a reduction of area
of the reiatively low hardness silicon infiltrant. The 80% B,C ‘NC) 20% boron was
cracked but single specimens from the B,C {NC)-Si and the 90% B,C (NC)/10% boron-Si
materials were mechanically tested. These results together with densities are
given in Table II. The combined mechanical property data for silicon and aluminum

infi}trations are discussed later.
Singie InFiltration Experiments with Aluminum

1. B,C (NC)-Al. No evidence of infiltration under the conditions employed.

‘2. G5iBg-Al. Good infiltration obtained to yield a compact of density of
2.47 g/cc (a 60 w/o SiBg/40 w/o Al infiltrated material would have a density of
2.54' g/cc). Hardness values were measured but it was difficult to place the in-
denter on single component ‘areas. The highest values obtained on the grey areas
of the microstructure (see Figure 3) were about 2300 kg.mm-2, similar to the value

for SiBg.

‘3. Gboron-Al. Good infiltration was obtained to yield a fine textured micro-
structure (see Figure 4); some residual porosity was present as a measured density
of 2,32 g/cc was determined. Some limited mechanical property data is discussed

in the next section.

4, AlB;;-Al and AlBj,/boron-Al mixtures. The three materials AlB;,, 80%
AlB,5/20% boron and 60% AlB;,/40% boron appeared to be completely infiltrated as
judged by their microstructures. Mechanical property data were obtained on the
AlB;;-Al and 60% Al1B,,/40% boron-Al materials.

.The microstructure of the boron additive materials showed gross regions of
ronuniform mixing of the boron and AlB;, powders., The microstructure of the
AlB;,-Al material was of interest and Figure 5a shows the continuous interface
between the infiltrated aluminur, aluminum boride, and the excess essentially
cast ‘aluminum (but with grain boundary precipitates) not taken up during infiltra-
tion; Figure 5b shows part of this interfacial zone at a higher magnification and
Figure Sc is a micrograph of zone C, the infiltrated AlB;, matrix,

X-ray diffraction data covering the zones A, B, and C for the AlB;,-Al system
showed some characteristics demonstrated by all the Al/B-Al systems investigated.
The AlB;, diffraction lines were still present but the pattern was more complex
than ‘the AlB,, powder pattern (possible AlBjp phases). There was no evidence of
Al1B, formation (a compound with reiztively low hardness about 1000 Knoop), reported
to form between its elements at about 1100 C;5 as with the silicon infiltrated ma-
terials there was a very high degree of preferred orientation on the (111) aluminum

reflection at 2,338 k.
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Table II. MECHANICAL PROPERTIES OF INFILTRATEC CERAMICS
(0.12 in. x 0.12 in. x 0.8 in. bend spec.)

System Density| Bend Strengths | Elastic Modulus

g/cc  [x 1035 psi[MN.m 2]x 105 psi|GN.m"

B,C-51 2.48 26.1 180 49.7 340

50 w/o B,C/10 w/0 B-Si 2.47 12.3 85 38.9 270
Al1B,,-A) 2.59 47.9 330 32.3 220

50 w/o A1B;,/40 w/o B-A1} 2.47 30.0 207 19.5 130
B-Al 2.32 17.5 121 16.7 120

Figure 3. Silicon hexaboride (-320 mesh)
infiltrated with aluminum, Mag. 500X

19-086-1032/AMC-72

Figure 4. Boron powder compact infiltrated with
aluminum, Mag. 500X

19-066-1250/AMC-71




. Elegtran probe microanalysis studies on this material yielded the following
1nfo?matzon. In Figure Sa, zone A is pure aluminum with a fine grain boundary
precipitute of probably Al1,03. In Figure 5b the interfacial zone B is 100% alu-
minum and the large particles in the interfacial zone are AlBy». In Figure Sc
large grey grains were identified as being of both A1B;, and AlB,, types while
the interconnecfing matrix was 100% Al.

MECHAMICAL PROPERTY RESULTS AND DISCUSSIONS OF SINGLE INFILTRATION STUDIES

. The mechanical properties of scme of the more promising infiltrated ceramics
are given in Table II, and the actual bend stress/strain curves (4-point testing)
are showr: in Figure 6.

" A cenclusive difference in behavior can be seen between the silicon-
infiltrated ceramics (curves 1 and 2 in Figure 6), which deform elasticelly to
fracture, and the aluminum-infiltrated materials (curves 3 to 5), which have a
relatively small elastic region up to approximately 7000 psi (48“MN.m‘2), when
plastic d=formation and yield occur until final fracture at relatively large
strain values (210 um, which is approximately ten times the strain levels of
the B,C-Si brittle systems). This difference in fracture behavior is clearly
seen in..Figures 7 and 8, scanning electron micrographs of fracture surfaces gen-
erated during mechanical testing of B,C-Si and AlB,,-Al; the brittle fracture
characteristics of the B,C-Si fracture face contrast with the ductile tearing of
the aluminum around the AlBj. grains in Figure 8. The B,C-Si properties are in
the same -egion as properties obtained with commercial modified boron carbides.

Three bend bars were machined from a 2-inch-dismeter AiB;,-Al infiltrated
compact. Results show that the modulus of rupture (MOR), 45,000 to 48,000 psi,
was similar to that for the smaller specimens but the elastic modulus, approxi-
mately 25 x 10% psi, was somewhat lower than that determined for the smaller
specimens. Elastic moduli were also determined by a sonic technique reported by
Hasselman® and values were found tc be approximately equal to those determined
mechanically. The AlBj,-Al result is particularly interesting and a comparison
with some high strength aluminum alloys is given in Table III.”

‘Based on the law of mixtures and taking a value of 57 x 106 psi for the
elastic modulus of AlB;,, a value of 32 x 10°® psi would correspond to a 50:50
AlB;5/Al composite, The high MOR value for the AlB;,-Al system coupled with the
hardness values of approximately 2500 kg.mm~2 for the AlB;, component, coupled
with its Iow density (2.59 g/cc), make this an interesting armor material.

It is probable that with a suitable heat-treatable casting alloy infiltrant,
considerable increases in yield stress could be achieved in the A1B;;-Al system,
together with improvements in the MOR value. '

‘This work on single systems represents a preliminary survey of some potential
metal-infiltrated ceramic systems. Much remains to be done to optimize processing
conditions, compositions, particle size/pure size characteristics and infiltrant
compositions and temperatures. The iwo variables of immediate importance are
those represented in the Washburn-Rideal equation (see the following section),
namely pore size (controlled by particle size, compaction pressure, pre-sintering,

8
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Aluminum zone A

Aluminum boride-
aluminum interfacia!
zone B

Aluminum boride
matrix infiltrated
with aluminum
zone C

a. Mag. 100X

Aluminum boride-
aluminum interfacial
zone B

Aluminum beride
matrix infiltrat
wic aluminum
zone C

b. Mag. 500X

¢. Mag. 500X

Figure 5. Aluminum boride (-320 mesh) infiltrated with aluminum
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. or the deliberate addition of porosifiers) and viscosity of the infiltrant (con-
. trolied by temperature and composition of the liquid metal). The work is di-

rected to those systems that are likely to be suitable component parts for dual
-infiltration systems.

DISCUSSION AND DUAL INFILTRATION RESULTS

The theory of -interfacial conditions in solid/liquid/vapor systems has been
" given by Davies and Rideal® and using their thesis it is possible to calculate
the changes in surface energy on liquid metal infiltraticn into a porous ceramic,
-assuning a stable porous ceramic structure,

_ The infiltrated material is stable with respect to the porous ceramic pre-
form and the liquid metal infiltrant if

. (SL"AZ) YLV + Ay (YSV-YSL) >0 (1)
‘where S, = surface area of liquid before infiltration .

Ay = internal surface area of ceramic porosity prior to infiltration

A, = surface area of external pore entrances

in the infiltration

environment

= surface energy liquid to vapor
= surface energy solid to vapor }

= surface energy solid to liquid

YL,
1] =
= W
a 1. B‘C - Si
L2
= 2. M‘CIIOB - Si
$ 3. Aigy, - Al
b 2 4, 60AIB ~ Al
2 5.34-Ji‘m
[--}
10
0 1 1 L 1 1 i N i |
500 1000 1500 2000 200 3000 3500 4000 4509
Straln (Microinches) '
Figure 6. Bend stress versus strain for infiltrated ceramics
19-065-1256/AMC-71 ‘
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Figure 7. Fracture surface of ~320 mesh B,C infiltrated with Si. Mag. 850X
i5-0G6-1262/AMC. 71

figure 8. Fracture surface of -320 mesh Al B,, infiltratad with Al. Mag. 450X
. 19-066-1252/AMC-71
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Table III. MECHANICAL PROPERTIES OF SOME COMMERCIAL Al ALLOYS?

Material . | Proof Stress . UTS Elongation]Ejastic Modulus

. Dsi |MN.m-Z| psi |MN.m-2 »g% x 10° psi|GN.m~
199.9% Al, sand cast! 5,000 35 {10,000 70 1 10 69
. (yfeld) :

99.9% Al, sand cast|22,000 | 150 [24,000f 165 ab 10 69

and cold worked
AI-12% Si, cast and {10,000 70 |26,000{ 180 8 - -

heat treated

“|A1-5.5% Zn-3.0% Mg-|56,000 | 390 |67,000] 460 12 - -
4 1.5% Cu-0.7% Mn, ‘ «
cast and heat

| treated .
'|A1B, ;A1 19,000 70 148,000 330 5 32 220
(approximately 65%|(yield) ~ (MOR) ‘ , '

AlB;, - this work)

and A;, Eq. 1 reduces to Ay (yg,~Yg) > O _' (2)

Sipce A > SL

The infiltration rate R is given by tke Washburn-Rideal? equation as

r _
whére r = mean radius of pores
1 = linear distance penetrated by the infiltrant f
n = viscosity of liquid metal at the infiltration temperature\

Thus an equivalence exists such that a decrease in pore s1ze favors the process
energetically but actually leads to a reduction in infiltration rate. (The de-

crease in pore size, at the same total volume fraction poresity, is assocxated

with an increase in internal solid surface area.) v

. Williams,? however, lists factors that limit the application of the above
ideas to very small pore sizes, These are:

(a) the increase in the reéarding effect to the infiltrant due to internal
surface roughness with decreasing pore size;

(b) a greater tendency for film formaticn and gas entrapment at finer pore
sizes; and

(c) where chemical compatibility at lxquid infiltration temperatures causes
problems, the faster infiltration permitted by larger pore sizes would be
advantageous v :

In the absence of data on the variation of viscosity of liquid aluminum and
11quid silicon with temperature the validity of the Wasburn-Rideal relationship
(Equation 3) could not be tested. However, for the infiltration of liquid sil-
icon into two types of boron carbide, the variation of infiltration rate with
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pore rqéi?s,was observed. Under identical conditions, a -320 mesh (44 ym),
25.4-mn-diameter pressed B;C compact was totally infiltrated (typical microstruc-
ture, Figure 2a) whereas a similarly pressed Boride Products B,C powder (particle
size 10 im) had a sharp demarcation line ahout 5 mm in from the edge of the
25.4-mm-diameter compact, the internal part of the compact being uninfiltrated.
That part of the Boride Products B,C compact that had been infiltrated had zero
apparent porosity (see Figure 2b).

Gradient Ductile/Brittle Material Based on a Single Component Ceramic - The
Effgct of Particie Size

- The observation of the different infiltration rates in identical materials
differing only in their pore structures leads to the following interesting
hypaothesis: '

. In 2 sandwich one-component porous pressed ceramic, where the porous

. front face consists of a different (larger) particle size and pore

. structure than the rear half of the sandwich, it should be possible,

; by controlling infiltration rates, to completely penetrate theo large

¢t porosity of the front face with a high temperature brittie ianfiltrant
. while achieving minimal or negligible penetration of the fine porosity
: rear face. In a second stage to such a process, a lower melting point
, ductile infiltrant could then be infiltrated over a longer period of

; time into the previously unpenetrated fine porosity of the vear face

. without influencing the previously infiltrated brittle front half of

- the sandwich. i

Brittle Component FRONT FACE
Large pore size, large particle size and o s
high temperature brittle infiltrant

Ductile Component REAR FACE

Fine pore size, fine particle size and
lower temperature ductile infiltrant

Such a system would approach the criteria suggested by Wilkins? for an improved

ceramic armor with some’ ductility ir the rear face.

A single unsuccessful attempt was made to produce such a system based on
alpha-AlB;, since it was known that this material could be infiltrated by both
silicon and aluminum. AlB;; powder was hand sieved into the -400 mesh and +400
mesh components and the die was charged with a layer of each sieve fraction and
then cold pressed at 17,700 psi (123 MN.m"2), Liquid silicon appeared to infil-
trate preferentially into the +400 wmesh side of the compact and. in.the second
infiltration step the remainder of the compact was totally infiltrated with alu-
minum. Examination by electron probe analysis surprisingly showed a very low
level of silicon (about 1% to 2%) in both the +400 mesh and -400 mesh' comronents
~ with approximatec.y a 0.4% higher level in the +400 mesh region. The main phases
seen were alpha-Al1B), and aluminum with some A1,0; elongated inclusions. It is
suspected that the differences in particle/pore sizes for the two halves of the
component were too small, but it is felt that the principle could be made to work.
It %s probable that the dissimilar material gradient system will be more successful,
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Gradient Ductile/Brittle "Ceramic" Based on a Two-Comporent Ceramic - The Effect
of Wettzbility

From the work on the infiltration of single component systems it has been
found that not all potential armor ceramics are wet and penetrated by liquid
silicon and liquid aluminum under the conditions investigated. For example, SiBg
is wet by aluminmum but rct by silicon (apart from an unidentified 150 um skin
effect) and B,C is wet by silicon but not by aluminum. This leads to the fol-
lowing interesting hypothesis:

* It should be possible to fabricate a sandwich two-component pressed

- porous ceramic where the porous front face consists of a ceramic X

¢ penstrated by a liquid metal A at a temperature T, and the rear face
consists of a ceramic Y which is not penetrated by A at a temperature
Ty. The liquid metal A on solidifying yields a brittle connecting
phase around a hard brittle phase X. In a second stage to this process
a2 ductile metal infiltrant B is selected that will wet and penetrate
the previously unpenetrated rear face Y at a temperature T, (where

- Ty > Ty) without influencing the previoucly penetrated fully dense

- brittle phases X + A,

Wholly Brittle Component - lst stage FRONT FACE

Ceramic X, wet and penetrated by liquid metal A at temperatare T1
Ceramic X not affected by liquid metal B

Brittle/Ductile Component - 2nd stage REAR FACE

Ceramic Y, wet and penetrated by liquid metal B at temperaturé To
Ceramic Y not penetratsd by liquid metal A
Temperature Ty > T,

- Such a system would also approach the criteria suggested by Wilkins for an
1mproved ceramic armor with some.ductility in the rear face. The relative thick-
nesses of X and Y could, of course, be varied and a graded interface between the
two parts could also be evolved.

' The B,C-Si/SiBg-Al systems mentioned above have been investigated from this
standpoint and an early result looks interesting. A 10-mm-deep layer of SiBg
powder was loaded on top of a 10-mm-deep layer of -320 mesh B,C powder in a
double acting 25.4-mm-diameter die set and cold pressed at 17,700 psi (123 MN.m"2)
to yield a single compact. Liquid silicon was infiltrated into the B,C part of
the compact but the liquid silicon did not wet the SiBg part of the compact:
the previously described experimental procedures were used. In . second stage,
liquid aluminum was successfully infiltrated into the SiBg part by the methods
previously described for aluminum infiltration. A fractograph of the cross
section of this system is shown in Figure 9.

- Although mechanical properties have not as yet been determined for this
system, one can speculate that the mechanical behavior might be somewhere between
that of the AlB;,/Al system exhibiting ductility and that of the BuC/S1 showing

brlttle behavior.
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Figure 9. Fractograph of a B,C/Si - SiBg/Al
dual-infiltrated system. Mag. 10X

SUMMARY

Liquid metal infiltration of various porous ceramics offers a potentially
1nexpenq1ve method of fabricating armor materials as demonstrated commercially
in the "modified B,C'" material. It has been shown that other systems based on
a ductiie metal infiltrant (aluminum} can also be fabricated with interesting
mechanical properties such as limited ductility, relatively high elastic modulus
and high strength (AlBj,-Al system). Limited mechanical property and microstruc-
tural data and comments on fabricability of various aluminum- and s111con-
infiltrated armor systems are presented.

The concept of a gradient armor system with a hard brittle front face and a
ductile rear face has been investigated from two standpoints. In one experiment
it was not possible to fabricate a gradient system by dual infiltration of a one-
component system by pore size control; although initial attempts were unsuccess-
ful it is felt that such a system might still be made to work.

. In other experiments it has been found feasible to fabricate a gradient
armor system based on the B,C/Si-SiBg/Al system consisting of a hard. brittle
front face and a hard rear face but with an interconnecting ductile network of
aluminum. However, a considerable amount of work needs to be done to optimize
such a system from the standpoint of materials and processing. Such systems
2lso require scale-up and ballistic assessment but the inherent properties of
the individual components could go some way toward the requirements for an
improved armor system advocated by Wilkins.?2 :
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