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Description
BACKGROUND OF THE INVENTION

[0001] Thisdisclosure relates to an armor system and,
more particularly, to a method of processing an armor
system having multiple ceramic layers.

[0002] Avariety of configurations of projectile resistant
armor are known. Some are used on vehicles while oth-
ers are specifically intended to protect an individual.
Some materials or material combinations have proven
useful for both applications; however, there is a contin-
uing need for providing methods of manufacturing rela-
tively lightweight armor systems with improved ballistic
performance that are useful for a variety of applications.

SUMMARY OF THE INVENTION

[0003] Anexample method of manufacturing an armor
system includes providing a first armor layer comprised
of a densified ceramic material and forming a second
armor layer of a fiber reinforced ceramic composite on
the first armor layer to bond the first armor layer and the
second armor layer together. In one example, the den-
sified ceramic material is a monolithic ceramic and the
fiber-reinforced ceramic composite comprises reinforce-
ment fibers within a silicate glass matrix or a glass-ce-
ramic matrix.

[0004] In disclosed embodiments, the armor system
may be manufactured using hot press molding or transfer
molding to chemically bond the first armor layer and the
second armor layer together. Using ceramic layers that
are strongly bonded together provides an armor system
that facilitates energy absorption to resist ballistic projec-
tile impacts. The disclosed examples thereby provide
methods of manufacturing a relatively lightweight armor
system that may be used in a variety of different appli-
cations.

BRIEF DESCRIPTION OF THE DRAWINGS

[0005] The various features and advantages of this in-
vention will become apparent to those skilled in the art
from the following detailed description of the currently
preferred embodiment. The drawings that accompany
the detailed description can be briefly described as fol-
lows.

Figure 1 illustrates an example armor system.
Figure 2 illustrates an example hot press molding
method for forming an armor system.

Figure 3 illustrates an example method of forming a
green ceramic composite preform for forming an ar-
mor system.

Figure 4 illustrates an example transfer molding
method for forming an armor system.

Figure 5 illustrates an example transfer molding
process for forming an armor system.
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Figure 6 illustrates an example a transfer molding
die for forming an armor system.

DETAILED DESCRIPTION OF THE PREFERRED EM-
BODIMENT

[0006] Figure 1 illustrates an example armor system
10 for resisting impact of a ballistic projectile. The armor
system 10 may be utilized in a variety of different appli-
cations for defeating ballistics, such as armor piercing
projectiles at or near muzzle velocity. For example, the
armor system 10 includes an aerial density that is at least
equal to or lighter than known armor systems, when
measured against a common threat level, and that may
be used as a plate in a personal body armor vest. The
armor system 10 may also be used as an add-on or in-
tegral armor panel in a vehicle, such as a ground vehicle,
sea vehicle, air vehicle, or the like. That is, one or more
panels may be attached over or included within a vehicle
structure, such as doors, floors, walls, engine panels,
fuel tanks areas and the like but need not be integrated
into the vehicle structure itself.

[0007] The armor system 10 is a multilayer structure
that includes a first armor layer 12 and a second armor
layer 14. It is to be understood however, that the armor
layers 12 and 14 of the armor system 10 may be used
alone or in combination with other armor layers, depend-
ing on the needs of an intended use. The armor layers
12 and 14 may be any suitable thickness for resisting a
ballistic impact. For example, the armor layers 12 and 14
may be several hundredths of an inch thick to several
inches thick, depending upon an intended use of the ar-
mor system 10.

[0008] The armor layers 12 and 14 are arranged rela-
tive to an expected projectile direction 16. The first armor
layer 12 includes a projectile strike face 18 for initially
Sreceiving a projectile. A back face 20 is opposed from
the projectile strike face 18 and is bonded to the second
armor layer 14 at location 22. Thus, the armor layers 12
and 14 are directly bonded to one another, as will be
described below, and need not include any layers of ad-
hesive that would add thickness and/or diminish the im-
pedance of the structure.

[0009] Inthedisclosed embodiment,thefirstarmorlay-
er 12 includes a first ceramic material, and the second
armor layer 14 includes a second ceramic material that
is different than the first ceramic material. Using ceramic
materials provides a close sound impedance match be-
tween the armor layers 12 and 14. Sound impedance
refers to the speed of sound through the ceramic mate-
rials. For example, an impact between a projectile and
the projectile strike face 18 of the first armor layer 12
causes compressive stress waves to move through the
first armor layer 12 toward the back face 20. At least a
portion of the compressive stress waves reflect off of the
front face 22 of the second armor layer 14 as tensile
stress waves. A second portion travels through the armor
layer 14 and reflects off a rear face 25. The tensile stress
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waves destructively interfere with the compressive stress
waves, to reduce the total stress within at least the first
armor layer 12 to thereby facilitate energy absorption of
the armor system 10.

[0010] Theimpedance of the second ceramic material
ofthe second armor layer 14 facilitates efficient and quick
reflection of the compressive and tensile stress waves.
That is, the second ceramic material reflects relatively
larger portions of the compressive stress waves over a
relatively shorter period of time compared to conventional
polymeric-based materials. In some examples, the im-
pedance of each of the first ceramic material and the
second ceramic material may be in a range of 15 - 40 x
106 kilogram-seconds per square meter (kg-m2-s). In a
further example, the impedance of each of the ceramic
materials is about 25 - 35 x 108 kg-m-2-s. In comparison,
the polymer matrix of a polymer matrix composite back-
ing has an impedance of about 1 - 3 x 108 kg-m2-s
[0011] The first ceramic material and the second ce-
ramic material may be any suitable type of ceramic ma-
terial for an intended use. In the disclosed embodiment,
the first ceramic material of the first armor layer 12 is a
monolithic ceramic and the second ceramic material of
the second armor layer 14 is a ceramic composite. The
monolithic ceramic of the first armor layer 12 initially re-
ceives a ballistic projectile and absorbs a portion of the
energy associated with the ballistic projectile through
fracture and stress wave cancellation. The ceramic com-
posite of the second armor layer 14 reflects a portion of
the stress waves as discussed above and absorbs a por-
tion of the energy associated with the ballistic projectile
through fiber debinding and pullout. For example, the ce-
ramic composite facilitates energy absorption through
fiber debonding and pullout, as well as shear failure. The
ceramic composite also facilitates reductionin the degree
of fragmentation of the monolithic ceramic exhibits, com-
pared to conventional polymer or bonded metallic back
face materials.

[0012] The ceramic composite may include reinforce-
ment fibers 24 disposed within a ceramic matrix 26. The
monolithic ceramic may be, for example only, silicon ni-
tride, silicon aluminum oxynitride, silicon carbide, silicon
oxynitride, aluminum nitride, aluminum oxide, hafnium
oxide, zirconia, siliconized silicon carbide, or boron car-
bide. Given this description, one of ordinary skill in the
art will understand that other oxides, carbides, nitrides,
or other types of ceramics may be used to suit a particular
need.

[0013] The ceramic composite may include any of a
variety of different types of the fibers 24 or different types
of materials for the matrix 26. For example, the fibers 24
may include fibers of silicon carbide, silicon nitride, alu-
minum oxide, silicon aluminum oxynitride, aluminum ni-
tride, carbon, or combinations thereof. In some exam-
ples, the reinforcement fibers 24 include fibers of NI-
CALON®, SYLRAMIC®, TYRANNO®, HPZ™, pitch de-
rived carbon, or polyacronitrile derived carbon, fibers, re-
spectively.
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[0014] The matrix 26 may include a silicate glass ma-
terial, such as magnesium aluminum silicate, magnesi-
um barium aluminum silicate, lithium aluminum silicate,
borosilicate, or barium aluminum silicate. Given this de-
scription, one of ordinary skill in the art will understand
that other types of fibers and matrix materials may be
used to suit a particular need.

[0015] Figure 2 illustrates a process flow diagram of
an example hot press molding process for forming the
armor system 10. Itis to be understood that variations of
the process may be used and that variations of hot press
molding may alternatively be used, such as hot isostatic
pressing or semi-continuous pressing. In this example,
the armor system 10 is formed in a hot press die 38 as
illustrated schematically in Figure 3, such as a graphite
die. The hot press die 38 may include one or more die
pieces that form a cavity 40 to form the armor system 10.
[0016] Inthe exemplary embodiments of Figures 2 and
3, the first armor layer 12 is previously densified, and
placed into the cavity 40. The first armor layer 12 may
be formed in a prior process, such as by hot pressing,
sintering or other suitable process for forming a mono-
lithic ceramic layer. The second armor layer 14 will then
be consolidated, and bonded on the previously formed
first armor layer 12 using hot press molding.

[0017] The second armor layer 14 is formed during the
hot press molding from a green state body 42 that is
placed on top of the first armor layer 12. It is to be un-
derstood that reference to orientations such as "top" or
"bottom" is relative and may be different than the illus-
trated example, depending upon the arrangement of the
die 38 or the desired structure of the armor system 10,
for example. Furthermore, it is to be understood that the
die 38 may be formed in a different shape than illustrated
to make armor systems having other desired shapes,
such as curved or clam-shell style shapes.

[0018] The first armor layer 12 and the green state
body 42 are heated to a predetermined temperature, and
aram 44 exerts a predetermined amount of pressure on
the first armor layer 12 and the green state body 42. The
magnitudes of the predetermined temperature and the
predetermined pressure may depend upon the types of
ceramic materials used to form the first armor layer 12
and the second armor layer 14. In some examples, the
temperature may be in a range of 1400 - 1600 degrees
centigrade (2552 - 2912 degrees Fahrenheit), and the
pressure may be in a range of 500-5000 pounds per
square inch (3.4 - 10.3 megapascals). The pressure and
temperature may be held for a predetermined amount of
time, such as between 20 and 60 minutes. However, the
amount of time may vary depending upon the types of
materials selected for the first armor layer 12 and the
second armor layer 14. After expiration of the predeter-
mined time, the pressure is then released and the armor
system 10 s cooled. The application of the heat and pres-
sure consolidates the green state body 42 to form the
second armor layer 14.

[0019] The green state body 42 may be formed in any
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suitable manner and include any desired structure. For
example, as illustrated in Figure 4, the green state body
42 includes a layer of the reinforcement fibers 24 that is
infiltrated with a material 46 that forms the matrix 26 dur-
ing the hot press molding process. The material 46 may
be a slurry that includes a carrier fluid 48 having sus-
pended ceramic particles 50. The ceramic particles 50
may be particles of the material desired for the matrix 26.
The layer of the reinforcement fibers 24 may be soaked,
dipped, or otherwise exposed to the slurry such that the
glass or ceramic particles 50 are deposited among the
reinforcement fibers 24. The carrier fluid 48 may then be
removed, such as by using evaporation or heating, to
deposit the ceramic particles 50 among the fibers 24 to
form the green state body 42. It is to be understood that
the green state body 42 may include multiple layers of
reinforcement fibers, and that a variety of fiber architec-
tures may be employed. 24.

[0020] The carrier fluid 48 may be any type of suitable
carrier fluid for infiltrating the layer of reinforcement fibers
24. For example, the carrier fluid 48 may include a sol-
vent, such as isopropyl alcohol or water, that is mixed
with a predetermined amount of the glass or ceramic par-
ticles 50, such as 30 wt% (weight percent). The ceramic
particles and carrier fluid 48 may be mixed, such as by
using a magnetic stirrer. Alternatively, attrition milling or
ball milling may be used to mix the carrier fluid 48 and
the glass or ceramic particles 50. The attrition milling may
break down agglomerates of the ceramic particles 50 and
facilitate uniform distribution of the ceramic particles 50
around the reinforcement fibers 24 to thereby result in
enhanced mechanical properties of the second armor
layer 14. Given this description, one of ordinary skill in
the art will be able to select suitable types of carrier fluids
to meet their particular needs. Additionally, other types
of processing methods may be available for forming
green state perform bodies that are suitable for being hot
pressed as described above.

[0021] Figure 5 illustrates another process flow dia-
gram of an example transfer molding process for forming
the armor system 10. As illustrated in Figure 6, the trans-
fer molding is conducted in a transfer molding die 58 and
may include multiple die pieces that form molding cavities
60 and 62. The molding cavities 60 and 62 are separated
by a slot plate 64. The slot plate 64 includes passages
66 that fluidly connect the cavities 60 and 62. Seals 67
may be used at edges of the cavity 60 to limit leaking of
material from the die 58. For example, the seals 67 may
include a high melting point sealing material, such as
molybdenum foil.

[0022] In operation, the first armor plate 12 is pre-
formed as described above and placed within the first
molding cavity 60. A layer of the reinforcement fibers 24,
or alternatively multiple layers, is placed on top of the
first armor layer 12. In this example, the layer of rein-
forcement fibers 24 is a pre-formed arrangement of the
fibers 24, such as a two-dimensional fabric, a unidirec-
tional tape, a three-dimensional weave, or other desired
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fiber arrangement. The layer of reinforcement fibers 24
does not yet include the matrix 26 (in Figure 1), which
will be formed during the transfer molding process.
[0023] A material 70 that will form the matrix 26 is con-
tained within the second reservoir cavity 62. The material
70 may be a powder, such a powder or cullet of the ma-
terial such as a glass that is desired for the matrix 26.
The material 70 is heated to a predetermined tempera-
ture to fluidize the material 70 to a desired viscosity for
transfer molding. For example, the die 58 and material
70 may be heated in a suitable heating unit.

[0024] Aram 68then applies a predetermined amount
of pressure at a predetermined rate on the material 70
such that the material 70 flows through the passages 66
of the slot plate 64 and infiltrates the layer of reinforce-
ment fibers 24. The predetermined temperature may be
selected based upon a desired viscosity of the material
70. For example, a target viscosity may be suitably low
such that the material 70is able to flow between the re-
inforcement fibers 24 to form a solid body. The pressure
and rate may be selected based upon manufacturing
considerations, such as to facilitate low cycle times and
complete infiltration of the reinforcement fiber 24 without
fiber wash (i.e., fiber movement).

[0025] In some examples, the transfer molding proc-
ess may be conducted under a vacuum. For example,
the vacuum is a lower pressure than a surrounding am-
bient atmosphere. Additionally, the die 58 may be en-
cased in a vacuum type of heating unit that permits the
die 58 and surroundings to be maintained at a desired
vacuum level to prevent undesired reactions or oxidation
of the constituents, and/or die materials. Transfer mold-
ing may also be performed under an inert atmosphere,
again to prevent oxidation of constituent materials (e.g.
fibers) or tooling, such as graphite tooling.

[0026] Depending on the types of ceramic materials
selected for the armor layers 12 and 14, the armor system
10 may subsequently be heattreated for various reasons.
For example, the armor system 10 may be heated to a
crystallization temperature in a suitable heating unit un-
der a suitable atmosphere to obtain a desired microstruc-
ture of the matrix of the second ceramic material. Given
this description, one of ordinary skill in the art will recog-
nize suitable heat treatment temperatures and times for
their particular needs.

[0027] In the hot press molding and transfer molding
described above, the second armor layer 14 is formed
on the first armor layer 12 to bond the first armor layer
12 and the second armor layer 14 together. Forming the
armor system 10 in this manner facilitates strong bonding
between the armor layers 12 and 14, which facilitates
efficient reflection of the stress waves and absorption of
energy. For example, the matrix 26 of the second armor
layer chemically bonds to the first ceramic material of the
first armor layer 12. In some examples, the monolithic
ceramic of the first armor layer 12 is thought to include
a silica scale on the back face 20 that chemically bonds
with the silicate glass material of the matrix 26. However,
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it is to be understood that the chemical bonding between
the first armor layer 12 and the second armor layer 14 is
not fully understood and may also comprise other reac-
tions or chemical interactions between the ceramic ma-
terial of the matrix 26 and the ceramic material of the first
armor layer 12 that facilitate chemical bonding.

[0028] Although a combination of features is shown in
the illustrated examples, not all of them need to be com-
bined to realize the benefits of various embodiments of
this disclosure. In other words, a system designed ac-
cording to an embodiment of this disclosure will not nec-
essarily include all of the features shown in any one of
the Figures or all of the portions schematically shown in
the Figures. Moreover, selected features of one example
embodiment may be combined with selected features of
other example embodiments.

[0029] The preceding description is exemplary rather
than limiting in nature. Variations and modifications to
the disclosed examples may become apparent to those
skilled in the art that do not necessarily depart from the
essence of this disclosure. The scope of legal protection
given to this disclosure can only be determined by stud-
ying the following claims.

Claims

1. Amethod of providing a ceramic armor system, com-
prising:

providing a first armor layer comprised of a den-
sified ceramic material; and

forming a second armor layer comprised of a
fiber-reinforced ceramic composite directly on
the first armor layer to bond the first armor layer
and the second armor layer together.

2. The method as recited in claim 1, further comprising:

forming the second armor layer on a back face
of the first armor layer relative to a projectile
strike face of the first armor layer such that the
back face of the first armor layer bonds directly
to a front face of the second armor layer.

3. Themethod as recited in claim 1, further comprising:

selecting the densified ceramic material to be a
monolithic ceramic.

4. The method as recited in claim 3, further comprising:

selecting the monolithic ceramic to include at
least one of silicon nitride, silicon aluminum ox-
ynitride, silicon carbide, silicon oxynitride, alu-
minum nitride, aluminum oxide, hafnium oxide,
zirconia, siliconized silicon carbide, or boron
carbide, and selecting the fiber-reinforced ce-
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ramic composite to include fiber reinforcement
disposed in a silicate glass matrix or a glass-
ceramic, matrix.

5. The method as recited in claim 4, further comprising:

selecting the silicate glass matrix to include at
least one of magnesium aluminum silicate, mag-
nesium barium aluminum silicate, lithium alumi-
num silicate, borosilicate, or barium aluminum
silicate, and selecting the fiber reinforcement to
include at least one of silicon carbide fibers, sil-
icon nitride fibers, aluminum oxide fibers, silicon
aluminum oxynitride fibers, aluminum nitride, or
carbon fibers.

6. The method as recited in claim 1, further comprising:
hot press molding the second armor layer.

7. The method as recited in claim 6, further comprising:
forming a green state preform comprising a com-
posite of reinforcement fibers and ceramic par-
ticles.

8. The method as recited in claim 7, further comprising:
subjecting the green state preform to a prede-
termined temperature and predetermined pres-
sure to form the second armor layer.

9. The method as recited in claim 7, further comprising:
forming the green state preform by infiltrating a
layer of the reinforcement fibers with a slurry
comprising a carrier fluid having the ceramic par-
ticles suspended therein.

10. The method as recited in claim 9, further comprising:

forming the slurry by milling to mix the carrier
fluid and the ceramic particles.

11. The method as recited in claim 1, further comprising:
transfer molding the second armor layer.

12. The method as recited in claim 11, wherein the trans-
fer molding further comprises:

locating a layer of reinforcement fibers adjacent
to the first armor layer within in a first molding
cavity.

13. The method as recited in claim 12, further compris-
ing:
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subjecting a ceramic matrix material to a prede-
termined temperature and predetermined pres-
sure to transfer the ceramic matrix material from

a second molding cavity into the first molding
cavity to cause infiltration of the layer of rein- 5
forcement fibers with the ceramic matrix mate-

rial to form the second ceramic material.

14. The method as recited in claim 13, further compris-
ing: 10

transferring the ceramic matrix material through
aslot plate that is located between the first mold-

ing cavity and the second molding cavity, the

slot plate having a plurality of passages connect- 15
ing the first molding cavity with the second mold-

ing cavity.

15. The method as recited in claim 12, further compris-
ing: 20

sealing the first molding cavity using a seal that
comprises molybdenum.

16. The method as recited in claim 1, further comprising: 25

forming the second armor layer under a vacuum
state comprising a pressure that is less than am-
bient pressure.

30

17. The method as recited in claim 1, further comprising:

heating the second armor layer at a predeter-
mined temperature in a suitable atmosphere to
form the second armor layer, and subsequently 35
heating the second armor layer at a crystalliza-
tion temperature, to transform at least a portion
of a glass matrix of the fiber-reinforced ceramic
composite to a crystalline ceramic material.
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