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Abstiract

Ballistse elliciency and cost are the main considerations in the desipn of Tightweight armors. Metallic materinls have the drawhack
of thar bigh density. Mixed armors, of ceramic tiles backed by a metallee plate, are an efficicnt zhicld against low and medium
caliber projectiles since they combine the light weight and high resstance of a ceramic with the ductility of a metal. The drawback @
their hiph cost, The authors developed a new matenal composed of ceramic particles and 2 polymeric matox. Il the gap beoseen
metallic and ceramic materials and could be intcecsting for applications in which weight is not the promary conoern and cost beoefits
are wieloomie. A model of the mechanical behaviar of this compaosite i peescated in this paper, implemented in o numeneal code and

vitlwdated by experimental results.
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1. Infrgductioa

The rrowing interest in problems related to the im-
pact of solids extends beyond the sphere of defense with
its coverage of overland vehicles, aircraft, and protec-
tion of personnel Ioothe ovil sphere, protection of
spacecrait, turbimes, vl engneering projects, ¢lc. is
essemlial 1o avosd damage cansed by high velocity im-
pact [1]-

The desipn of protective devices centres around theie
protective capacity, therr low areal density (weight/area),
and their cost, the relative importance of these require-
ments beng dependent on the characteristics of the
system to be protected. In the case of stromgholds or
buildings, weight is not a determuning factor; bere pro-
tections of low cost materials can be made more resis-
tant by increasing the wall thickness. But weight
becomes o pomary consideration in the protection of
personnel, vehicles and spacecraft whose mobility must
b preserved. In land wehicles, a light protective ammor
allows the pse of a lower-powered engine with oo re-
duction of the speed or mancuverability of the vehicle.
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In aircraft, the weight of cach component must be
comsidered, and this includes the density of the armor
plating. And of course this is extremely important i the
protection of personnel whose mobility is essential.

Yarious materials can be used to fulfl the require-
ments of protection. Metals are generally adequate and
their cost 15 reasonable, but ther high density & a
drawback. The use of coramic materials is limited by
their fragility, as they shatter on account of ther poor
toughness. 5o the combination of the light weight and
high hardness of the ceramics with the ductility of me-
tallic matenals in the so-called mixed protoctions (Fig.
1) provides ballistic efficency against the impact of low
and medium caliber projectiles [2.3]. The development of
structural ceramics [Alx(,, 5l MiAl TiBb:, ewc) has
brought an mmprovement of the mechanical propertcs of
the armors, but it has meant higher costs, which may be
prohibitive in certam apphcations [4.3]. 5o the devel-
opment of & new matertal that bridges the gap between
metallic and ceramic materials may be of interest for
low cost applications in which weight is not a design
priority,

One of the aims of this work was to develop a com-
posite matertal that would replace the conventional ce-
ramic tiles amd then to evaluate s efficacy apainst
unpact. In addition, a model was developed to predict




Fig. 3 Tilke of vinglester resin and abamina particles. Fronl view (k{1)
and cross-seciwm [right)
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preater than twice the largest particle size to avoid ir-
regularities. This way, the method could give & material
with a ceramic volumetnc content of 3024 (B0% weight
content) and less than 2% porosty (Fig. 3), prepared
from low cost materials. A comparison of the costs of
the materials commonly used for armor applications
and thase of the components of the new materal & given
in Tahle 1.

1. Static compressive behavior of the composite

Fezearch on diffcrent ceramic matenals for hight-
weight armor applications has shown the relaton be-
tween static compressive strength and ballistic cfficiency
[9,10], 50 we examined the static compressive behavior
of the composite by testing specimens of 20 x 20 30
mm? with fowre different ceramic volumetric contents K-
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Fig. 4. Static siress-sieain coress of ihe compaosite with diferent
walignene fractions af cermsmc

(g, 3%, 400, 30°%) in an Instron undversal testing
machine, filleen tests for cach material. Fia. 4 shows
stress-strain curves representatives of the composite
behavior. The matertal beging (o show plastic strain
starting from the conwvex zone of the earve. Extensive
iragmentation of the resin matrix takes place beyond the
maximum stress point. In the elastic range, the behavior
15 non hnear up 1o 13 of the compressive vield stross
ang hmear from this point. Table 2 shows the mean
valuwes of elastic modulus {in the linsar range) and the
compressive yield siress. The static propertics depend on
the ceramic content: a higher volumetric fraction of
particles produces an mcrease of stiffncss and raises the
vicld stress of the compesite. This trend has been noted
by other authors [11] for other coramic/polymer mate-
rials (slica-filled cpoxy resin). Im view of our resuliz
above, composite tiles were made with the highest con-
tent of particles.

To calculate the propertics of the composite from
thase of the components, two assumption could be
adopted [12,13]: the equal-strain Voigt hypothesis and
the uniform-stress Fewss hypothesis, that yicld 1o the
rule of mixtures and the mverse rule of mixiures, re-
spectively. Eq. (11 {uniforme-stress hypothesis) was used
to find the mechanical propertics chiamed from the
COMPresson Tesis:

o (1)
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Fig. 7. Mog-dimensional residual penetration wersus amal density of
the materials.

4.2, DOFP sexts of composireimetal armors

To compare the efficiency of composite/metal armors
with that of other materials commonly used in this ap-
plication, tests were made on metallic plates (SAE 4130
steel and 2017-T451 aluminum) and on panels of
monolithic aluminafaluminum (Morgan Matroc ALY
Sintox FAM017-T451 Al). Both composite and mono-
lithic ceramic tiles were bonded to the backing plate with
Hysol EA 9361 cpoxy. Sec Table 4 for the characters-
tics of these armaors. The data of penetration {Fig. 3)
demnonstrate that for an equal arcal density of the
armor, the mixed protections of composite/aluminumm
were found to be more efficient than those of metallic
marterials. Here agein the size of the ceramic particles is
influential, the large grain providing greater eficiency on
mrnpact.

5. Mechanical model for the composite material

The desion of armour pancls is commonly made from
the composite material empirically, relying on real im-
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pact tests and using a given projectile and target in cach
test. Tt is a foolprool method but the results are valid
enly for the configuration tested and are not readily
extrapelated; any varation of the impact velocity of the
characteristics of the projectile or of the target invali-
dates the test dato, It i also cosdy; testing m these
conditions calls for sophisticated installatioms and
equipment. It was the need to design stimulation tocls
that trigeered the development of a constitutive model
ol 1he eomposite.

To model the behavior of the ceramie fraction of the
compesite material, we adopted the model of Cortés
et al. [19), developed specifically for ceramic materials
subjected to impact loading. It handles the diminution
of the propertics of the fragmented ceramic by including
a damage porameter  which affects the yield stress. This
parameter guantifies the state of detertoration in a gven
volume, assigning g = 0 to the intact material and g = §
to the part that i5 completely fragmented, associating
the degres of fragmentation with the level of damage. 50
at a given instant it is assumed that in a spedlic volume,
one fraction y of the material i completely fragmented
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Fig. 10 Dymamic stress strin curocs ot different stmin rases for
different types of resin; (2} vinylester resin, (b} palyester nesin aml
) Epoxy redan.

Table 5
Propertics of the mngstes carbide of the progecile
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backing plate and of the block used to measure pene-
tration in the DOP tests, we uged the Steinberg—Cuinan
hardening cquation [23], which assumcs that the shear
modulus, Ga, rises with the pressure, p, and diminishes
with temperature, T, as expressed by

' &,
@‘ﬂ”“lh(ﬁﬁ;)i%-k(ﬂm)r 3:]:}1] (9)

in which Gy, &, and & arc matenial constants and K
the ratio of the initial '.n.]l.n:n-l: to the final volume. The
yield stress ¥y is considered as dependent oo the pres-
sure, the temperature and the plastic strain &y

il i
N = }’m[i +[}ﬁ) ;%:;+ (E:-)
* (T — 30)(1 + Iim'l] {10

where Yo, .‘r’“' f and : are material constants. The
cquation ahmn. iz subjected to a maximum value of the
yicld stress

Full + ﬁﬁu]: % Foar (1)

The property values of the 2017-T451 aluminum alloy
arc detailed in Tahle 7. The mechanical properties of
composite material with ceramic loading are grven sep-
arately: the values of the alumina particles [21] and of
the vinylester resin (from the Hopkinson Bar tests of
dynamic compression) are shown in Tables 6 and 8.

Having chosen the constitutive equations and imple-
mented the model of mechanical behavior of the com-
posite with the user subroutine of the AUTODYN code
we made the simulations considering axial symmetry.
We used the confizurations of the two types of fire tests:
DOP with the composite tile cover (Fig. 5b) and DOP
with the compositefmetal cover (Fig. 5e). Fig. 11 illuwes-
rrates the two-dimensional geid used in the smulation of
the DOP test with compaosite tile cover. The position of
the projectile on arrest at the end of the simulation al-
lowed the detcrmination of the residual peactration.
Figs. 12 and 13 sketch the residual penetration into the
block as calculated by numerical simulation, close to the
experimental values. The model gives correctly the mn-
fluence of particle sioe on the efficiency of the compoarte
against impact.

7. Conclasiens

A composite of polymentc matrix with low cost oe-
ramic loading for protection against impact, manufac-
wured as described, is notable for its simplicity and for
the abundance of the materials wsed in its manufac-
ture. The efficiency agaimst impact afforded by tles of
the composite with a backing of aluminum is halfway

|
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adhesive

Fig. L. Skeich of mixed coramnicimena] pratection.

the behavior of this material s that its implementation
i a pumerical code might simplify the design of pros-
tections and avoid the high cost of mmpact 1ests.

7. Manufaciuring process

In this work we developed a now composite material
rnade of ceramic particles and resin matriz. Monolithic
alumina 15 the best eiablished ceraric matersal for
lightweaght armor and is gaining ground in this field. S0
we chosc 99.4% purity alumina (ALCOA T-60). in
granular form, produced by clectrofusion and com=
maonly used as an abrasive product, These particles, of
maximum & tm, are cheap and readily obiainable. A
vinylester rosin (Pinstiform Epovia RE-1001) was used
§or the matrix; this showed better sechanical behaviour
at high stram rates than ather thermosetting polymers
considered in this work, 35 we will show in Section 3.

The task of the ceramic particles iz to crode the
projectile and to distribute the load over a wide area of
the metallic or lammats backing plate. So the content
should be as high as the resin will admit without Toss aof

Y

L

the necessary cohesion. On the other hand, a low
porasity mancrial avoids stress concenlration and pre-
venis the premature fragmentation of the material that
damages its impact behavior [2l So the method of
manufactere could give 4 material with a high velume
fraction of ceramic and low POTOSILY.

At present, the producton of similar composite mi-
1erials made up of ceramic powder and resin cement, of
application in the dental industry [6,7], is by an expen-
shve method of sllunation of Bioaclive corarme: particles
with high molecular weight PMMA resin. The com-
posite we describe uses an alternative Lo oSt TAN.
facunng Process.

The stapes of the manufacturing process arc sum-
marized in Fig. 2: mixing, aniaxial compaction and
unmolding. All the components {resin, catalyser, actl-
vator and particles) are miixed im their coTIest propor-
tions to form a homogencous cohesive matenial, We
classilied the particles by size and Blended the resulting
gets in different proportions 1o gAugEs the importance of
grain size in the halliste officiency of the composite, The
catalyst used, CumEne hydroperoxide, starts the poly-
merisation process at room emperature and the acti-
yator, a ¢ohalt octoate solution, acceleTales the
polymerization reactions. The uniaxial compaction 18 4
decisive step towards reaching a high content of Ceramic
since it amasses the partcles, evacuates the vinylester
resin and reduces the porosity [§]. So by regulating ihe
pressure of compaction, the tiles are formed of different
ratios of ceramic/Tesin. The maximum Pressurs reached
in the proces was 6 MPa After unmaolding, the pely-
merized composite was cured for a period of two hours
at 50 "C.

The manufactunng proosss demands few  opera-
{ons—vacuum i not necciSary-— and allows gocd di-
mensional precisien which facilitates melding. It also
allows the production of tiles with a wide range of
thicknesses, assuring siricl control of the arsal density, It
is adwvisable however 1 manufacture tiles of thicknesses

unmokding

CoanpELchina

Fig. 1 Stapes of the mamnbEcturiEg press.



where Py is 2 generic property of the composile, F- and
Fr the properties of the ceramic partiches and of the
pesin. Adopting the mechanical propertics of the ceramic
particles (clastic  modulus = 290 GPa;  comprossive
strength = 2.1 (Pa), this expression yiclds theoretical
values of the clastic modulus and the yield stress close to
the experimental values, as shown in Table 2. So the
inverse rule of mixtare seems adequate to determine the
inflecnce of the ceramic content in the improvement of
the mechanical propertics of the composate,

4 Evaluation of the ballistic efficiency of the composite

The geometry and the type of the backing plate in a
ceramic/metal protection play a large parl in determin-
ing the behavior on impact of the ceramic tile [14]. The
method adopted 1o examine the behavior of a material
without a backing plate is the depth of penetration
(DOP) test [15-17] in which the material 5 backed by &
metal block and impacted by a projectile. The residual
penetration of the block, 4 (Fig. Sk is mepsured and
compared 1o the reference penctration, dygy, into the
metallic block without tile (Fig. 5a). Some authors [1¥]
recommend additional tests (Fig. 5¢) of ceramcimctal
armors in the form in which the tle will be used, All
these were induded in our experimental analysis.

The projectile used was a LAPUA 7.62 AP with a
mngsten carbide core of 5.9 g aml lenpthfdiam. = 3.6
(Fig. §). The impact velocity was 540 s A 100 = 100 =
100 mm® block of 2017-T451 aluminam clamped at its
rear Face was used to perform the tests, The aluminum

ik 7 mrregallic ok 7

I}arklng-! |
plate 4

Fig. 5. {a] Beferencs penetration. [k residual penetsation with LETARIE
B pover and (o) residosl penclration with coranscimetal anmor caver.
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P

5.5 mm

Fig. 6. LAFUA T.62 AT projeciil and its nengston carhide come.

chosen for the backing plate was also 2017-T45] with a
cross-section of 100 100 mm?. Ceramic and composite
tikes were of The same cross-section.

4.1, DOP rests of the composite tile

Compesite tiles of three different thicknesses (10, 15
and 20 mm) and two different proportions of grain I
intervals (Tahle 3) were tested, always with the same
volumetric fraction of ceramic particles (Fe = 0.5). To
compare the cfficiency of the composite with that of a
ceramic commonly used in this application, A oand 5.4
mm thick tiles of 95% purity alumina (Morgan Matroc
AT 95 Siptox FA) were also tested. The penciration
Jata were measured with an ulmrasonie device, The ref-
grence penetration, dppr. i the gncovered aluminwm
block was 42 mom.

Some parameters have been defined to determine the
hallistic efficiency of 2 material [16,17}. Ome of them i%
the slope of the curves of non-dimensional residual
penetration d dges: versus arcal density of the tile. Fig. 7
chows these curves Tor the experimental data ohtarned:
the residual penctration decreases lincarly with the tile
arcal density, which is characterstic of menolithic ce-
ramic tiles [14,15]. The efficency of the Composite ma-
rerial is midway between that of armor aluminum and
monolithic alumina, Grain size affects the efficiency of
the composite: the larger the size the less the penetrition
inta the block. The projectile has to produce a radial
fiow in the material of the tle in order to advance, and it
is the sroallest particles that offer least resistance 1o the
penetration of the projectile.

Table *
Proporing of grain siee it menufacund liks (& = praim mean size)
1-2 mm I s 5~ mm & [mm}
Large grain 2l Arie AR 4.5
COMUpAsilG
small grain S kL ) 30
composls




and a fraction 1 — » 18 intact. The evolution of damage is
determined with the sguation

# __{ﬁ.;.[{r—d.;j for @ = &

[
[I] for o< g L=

where o is the hydrostatic stress (positive in tension), 5y
the hydrestatic siress for the onset of fracture, and f§,
parameter of the material. The yield srress, Y. of the
combimation of ceramic, intact and fragmented, i5 cal-
culated with both the fractions as in the equation

Yo = (1 — ¥ + n¥cr {3}
in which ¥cy 38 the vicld stress of the intact material and
¥ep that of the fragmented portion. Accepting that the
frazmented material prcsents a [rctional behawior
wathout coheston, then

Yop = —pr for o< 0 i4)

where j 1% a coefficient of internal frietion. The eriterion
assumed for the intact fraction is one of plasticity lin-
early dependent on the hydrostatic stress (ol the type
Drucker Prager) in accordance with the behavior ob-
served im cerwmic materials

]"r_'-[ = 1 — T |:5:|

The paramcters o and b are defined by using typacal
walues of the static tension and compression strength.
Compared 1o the monolithic ceramic material, the
composite shows two important dillerences which are
scen in the proposed model. The first is that the ceramic
reinforeement already shows some initial fragmentation
before impact since it is made up of (ragments. Thas
means that an initial damage valee, g, must be defined
for the matcrial as a function of the grain size of the
ceramic loading. The function proposed for this purpose
associates the degree of damage with the size of the ce-
ramic particle in such a way that the diminution of the
size brings the damage towards unity, from the follow-
T EXPression:
i
T=F=E
in which m and K are constants. Once the damage value
has been defined for each particle size, then the mitial
damage n, can be obtained by averagng (Fig. Y) the
different grain sizes by means of the expression:

o= 3 _nF (7

in which P is the percentage per unit of cach grain sive.
and n, its associated damage value. And then the be-
havior of the ceramic fraction i obtained from the
model of Cortés f al. [19].

The other dificrence noted in the composite maternal
iz the existence of a polymere matrix. We examined the
dynamic compressive behavior of the matrix by tosting
specimens of 20 mm in diameter and 10 mm o length
with different tvpes of resin (Hysol EA %361 epoxy,
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Fig, % Dotermémation of ke initial damage of the comamic lraction
from the sees of the loading partivks.

Estratil 1112 polyester and the vinylester fesin we used)
in a Split Hopkinson Pressure Bar, 15 tests for each
material. Fig. 10 shows a marked viscoplastic behavior.
S we adopted for the matrix a hardening equation
dependent on the strain rate, as proposed by Cowper—
Symonds and used by some authors [20,21] 1o determine
the viscoplastic behavior of polymeric materials at high
strain rates:

Tu = (Fpo + Cigp (1 + [Caér)) (8]

where ¥, i the yield stress of the resin, Yap 0ts static
value, £ and & are respectively the plastic strain and
plastic strain rate, and G, o, 2, and x are material
constants. The vinylester resin showed better meéchanical
propertics at high strain rate than the other resins (Fiz.
16Ky,

The propertics of the composite are obtained from
the mechanical propertics of the two constituents. From
the results of the static characterization of the material,
a rule of homogcnization was adopted, based on the
hypothesis of constant stress, for the clasiic propertics as
well as for the yield stress, and so Eq. (1) is applied (o
oblain 4 generic property, Fow.

6. Validation of the mechanical model of the compaosite

The model was validated by comparing the results of
DOP tests for the composite material with those ob-
tained by numerical simulation. The tool used for
gimulating the mmpact tests was e commaencil fanne
difference code AUTODYN-2D [22], which solves the
complete set of continuurn mechanics equations, and
considers stress wave propagation and plastic deforma-
tion of the solids, and is normally used for high strain
rate dynamic problems. The properties of the materials
used in the simulation were the following.

For the tungsten carbide core of the LAPUA 7.62 AP
projectike we used the model of Cortés ¢t al. [19] (Table
5). For the epoxy resin, used adhesive in mixed armours,
we considersd the Cowper-Symonds hardening cqua-
tion {properties in Table 6). For the aluminum of the
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The model of mechanical behavior developed Lo
betwesn that of the metals commonly wsed in these ap- simulate the response of the composite to high velocity

plications and the armors of monolithic ceramicalomi- impact comes elose to the experimental resulis. The
num. These qualitics justfy the wse of the composite for maodel takes account of the proporbon of loading'ma-
pratections in which weight i not the primary concern trix, the grain size of the ceramic, and the contribution
and a cost saving 15 desirable. of each component 1o the properties of the composite




