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Effect of Aluminum Reinforcement on the
Dynamic Fragmentation of SiC Ceramics

by

P. Forquin, L. Tran, P.-F. Louvigné, L. Rota and F. Hild

Abstract: The threat of small to medium calibre armor piercing projectiles
requires efficient protections that can be achieved by using bilayered configura-
tions. They consist in a front face made of a hard material and a backing made
of a ductile material. These solutions are among the most interesting in terms
of mass efficiency. To design such bilayered concepts, one needs to understand
and model fragmentation of the ceramic during the first microseconds after
impact. This cracking pattern may significantly reduce the multi-hit capability
of the armor. A new material made of porous silicon carbide infiltrated with
aluminium is considered. The presence of an aluminum skeleton may improve
the residual strength after impact. The present study deals a comparison of
fragmentation properties of this new material with those of porous silicon car-
bide. Quasi-static experiments and edge-on-impact tests are performed. The
role of aluminum is discussed. An anisotropic damage model coupled with a

fragmentation study is used to analyze the experimental observations.

Keywords: SiC ceramics/ squeeze casting/ Continuum Damage Mechanics/

dynamic fracture/ Weibull model



1 Introduction

Bilayered armors using hard materials such as ceramics (e.g., alumina, silicon
carbide, quartz) as front plate and ductile materials (e.g., steel, aluminum al-
loy, composite or polycarbonate) as backing face have been studied for several
years to improve the efficiency of light or medium armors [1]. The high hard-
ness of ceramic materials favors projectile blunting and/or failure and spreads
the kinetic energy on a large surface of the ductile backing. The weight of
the armor is then reduced in comparison to an armor made of steel only. This
combination is especially appealing when dealing with small to medium armor
piercing calibers (e.g., AP 7.62 mm or AP 12.7 mm). Figure 1 shows a com-
parison of different configurations in terms of limit velocity of penetration as
a function of mass per unit surface of armor. An AP 12.7 mm projectile was
used. It can be concluded that the efficiency of monolithic armors is virtually
independent of the material shown in Fig. 1. However, when a silicon carbide
ceramic is combined with a 50 mm thick honeycomb aluminum, it leads to
better results when compared to different monolithic materials [2] for which
the impact velocity is greater than 500 m/s. Similar trends have been reported

with an alumina ceramic combined with an aluminum backing [1].

Furthermore, Riou [3] performed experiments on bilayered configurations with
different thicknesses of the ceramic layer. A significant degradation of the
ceramic was observed in a normal impact test (Fig. 2-a). The fragmentation is
caused by tensile hoop stresses and strains induced by the radial motion of the
ceramic after impact. To visualize fragmentation, a so-called edge-on-impact
(EOI) configuration can be used. These configurations were developed by the

Ernst-Mach-Institut (EMI) in Germany [4-6] and more recently by the Centre



Technique d’Arcueil (CTA) in France [3,7]. The same damage mechanism (i.e.,
multiple cracking) is observed in EOI for bilayered and monolithic ceramics
(Fig. 2-b) and in normal impact configurations (Fig. 2-a). This result can
also be obtained numerically [8]. To allow for post-mortem observations, a
sarcophagus configuration was designed [9] (Fig. 2-c¢). These studies enabled
for a comparison between different ceramics in terms of fragmentation features
[10]. To limit the perforation of the ceramic, a material leading to a small crack
density was recommended. Yet, the multi-hit strength is still low with these

material combinations.

Another route can be followed to improve the multi-hit capability of a bilay-
ered armor. It consists in avoiding or reducing the motion of the fragments. To
achieve this property, a porous SiC ceramic is infiltrated by aluminum [11,12].
Aluminum induces a better cohesion to the impacted material thereby increas-
ing the residual strength after impact. To illustrate this feature, Fig. 3 shows a
block of armor made of 3 tiles of infiltrated ceramic encased in a 15 mm thick
aluminum layer that was impacted by an AP 7.62 P80 projectile travelling
at 847 m/s. One can note no penetration even though a very dense cracking

occurred in the first layer (see micrographs of Fig. 3).

To design bilayered armors, one has to model damage caused by impact in
the brittle material. To achieve this goal, a comparison of the fragmentation
features of the infiltrated ceramic with those of the porous SiC material is
performed. Section 2 introduces the two materials studied herein. Mechanical
and failure properties are obtained under quasi-static loading conditions. EOI
experiments are then discussed in Section 3. Three different sets of data are
obtained. Based upon a fragmentation theory, a so-called local damage model

[10] is summarized in Section 4. This model is used to analyze the different



fragmentation conditions observed in the previous section.

2 Studied Materials

The armor concept consists in a compact aluminum box of size 160 x 90 x
45 mm? [13]. The box contains one or several ceramic tiles (e.g., three in the
present case) surrounded by a steel casing on the first half of its thickness,
located close to the impacted surface (Fig. 3). The steel casing has two func-
tions: first, to maintain the ceramic tiles in position during squeeze casting,
and second, to constrain the ceramic during impact. The R-SiC tiles, which
are obtained by sintering of SiC powder by Saint-Gobain industrial ceramics
(commercial name: Crystar®), are porous (Fig. 3). The open porosity of the
R-SiC tiles is regular and continuous from one side to the other one, in a
such way that aluminum will fill most of the open cavities during the squeeze-
casting process. An initial porosity of the order of 17% was measured [14].
The second half of the thickness of the box is pure aluminum. The density of

the box is close to 2.8, depending on the number of R-SiC tiles used.

Before infiltration, the ceramic tiles are encased in a steel canister perforated
by numerous holes to allow for the penetration of liquid aluminum. The can-
nister is heated up in a furnace to allow for a complete filling of the pores
during infiltration and a bond of the tiles with the encasing. After preheating,
it is put in a die of a UBE HVSC 350 indirect squeeze casting equipment
(at ARC Leichtmetallkompetenzzentrum Ranshofen (LKR), Austria) and in-
filtrated with liquid aluminum or an aluminum-silicon alloy by applying a
pressure of about 70 MPa. The armor presented herein has also been man-

ufactured at LKR where the technology has been developed in cooperation



with CTA. Image analyses of micrographs of the R-SiC-Al material are used
to determine the volume fraction of aluminum (i.e., 14.5%) and the remaining

porosity (i.e., 2.5%) [14].

The elastic properties of the two materials are obtained by using ultrasound
experiments. The velocities of longitudinal and transverse waves are measured
and the elastic properties of an isotropic and elastic material can be deduced
[15]. Table 1 summarizes the results obtained for the two ceramics. A com-
parison is given with a steel to be used in the EOI experiments. The presence
of aluminum increases the Young’s modulus of the material as well as the
density when compared to the raw R-SiC ceramic. However, these values are
still less than those obtained for other SiC grades (e.g., SiC-100 and SiC-B,
see Table 1).

To evaluate the fracture properties under quasi-static loading condition, 3-
point flexure experiments are carried out. The failure load is scattered so that

a Weibull model [16,17] is used. The failure probability Pg is expressed as

Pr=1-exp [—Vem (<"F>>m] , (1)

0o

where Vg denotes the effective volume [18]

* m
V;ff:/ [U m)] dx with apzmgxa*(m), (2)
Q

corresponding to an equivalent stress o* (e.g., maximum principal stress) at a
given point &. The parameter m is the Weibull modulus (i.e., it measures the
scatter, the lower m, the higher the scatter), oy the scale parameter relative to
a reference density g, and (x) the Macauley brackets (i.e., the positive part

of x). The constant of'/\y is the Weibull scale parameter. By using a beam



theory, the effective volume can be calculated in 3-point flexure

v

Vet = S 1)

(3)

where V is the loaded volume (i.e., V' = 20 x 3 x 3 mm?®). The surfaces in
tension were polished prior to the experiments and two chamfers were ground.
19 experiments are performed for the raw R-SiC ceramic and 12 for the infil-
trated R-SiC. A stroke rate of 0.1 mm/min was applied. Table 1 shows that
the Weibull moduli are similar for the two materials. Consequently, it is ex-
pected that the defect population is identical in both cases. For the Weibull
model, the average failure stress oy, is given by

aW:LIF(Hi), (4)

(Ve o)™ m

where ' is the Euler function of the second kind. It can be noted that a
significant increase is observed when the two materials are compared. The
effect of aluminum infiltration is clearly evidenced by these results. A strong
bond can be expected between the R-SiC skeleton and aluminum in EOI

experiments.

In Table 1 are also given the properties of two other SiC ceramics. The raw
R-SiC studied herein has failure properties that are significantly lower when
compared to SiC-100 (made by Céramique & Composites, France) or SiC-B
(made by CERCOM, USA). The SiC-100 grade is naturally sintered (sintering
temperature: 2000°C). The material is not fully dense. No secondary phase can
be observed but B4C inclusions are present [3] because boron was added to
enhance diffusion during sintering. SiC-B ceramics are obtained by pressure
assisted densification. Aluminum is used to eliminate porosities (processing
temperature: 2000°C, pressure: 15MPa). An alumina-rich secondary (glassy)

phase is present [19]. It can also be noticed that the Weibull moduli of three



SiC grades are of the same (high) order of magnitude.

3 Edge-On-Impact Experiments

The dynamic fragmentation is studied by using EOI configurations. It consists
in impacting a ceramic (or a glass) on the edge so that a ultra-high speed
camera can be used to visualize the kinetics of the fragmentation process or
microscopic analyses can be carried out to observe the post-mortem cracking
pattern. The interframe time can be as low as 0.2 us. A projectile made of
high strength steel (AFNOR designation: 35NCD16) is fired by a gas launcher
with velocities ranging from 100 to 450 m/s for a steel projectile (length:
15 mm, diameter: 11 mm). Figure 4 shows a schematic of the experimental
set-up. The sample is put in an aluminum container. The projectile speed
is measured by two optical cells 50 mm apart. When the bullet reaches the
second cell, the flashlight is triggered, and when it impacts the target, it
activates the camera to take pictures. To get a good contrast, a very thin
aluminum layer is deposited on the surface of interest. The observation axis
is symmetric with respect to the mean illumination direction. The size of the

tested tiles is 60 x 30 x 8 mm?.

Figure 5 shows two series of pictures obtained for the two ceramics when
impacted at 200 m/s. For the raw ceramic (Fig. 5-a), one can see a very intense
damage front invading the tile (¢ = 3 us) followed by a coarser pattern as
time increases. The same observations can be made for the infiltrated ceramic
(Fig. 5-b). The latter results show a vertical line appearing around ¢t = 4 us.
This line was already visible prior to the experiment. It corresponds to a

crack running across the whole ceramic that was filled with aluminum. It



was probably caused during the infiltration stage since the applied pressure
is of the order of 70 MPa. This first series of experiments does not allow
us to differentiate the fragmentation features of the two materials. However,
after the experiment it was noted that R-SiC ceramics were fully fragmented
whereas the R-SiC-Al tile had intact parts. A second EOI configuration is used

to analyze dynamic fragmentation.

A so-called sarcophagus configuration is used (see Fig. 2-b). Instead of uti-
lizing a high speed camera, the present configuration enables us to maintain
the fragments in place. The impendence of the confinement needs to be less
than that of the ceramic so that the “confinement” does not interfere with the
impacted ceramic. After impact, the tile is infiltrated by a hyper-fluid resin
and polished for macroscopic and microscopic analyses. Three different exper-
iments are reported. Two impact velocities (namely, 100 and 200 m/s) are
used for the R-SiC ceramic. Only one velocity is reported for the infiltrated
ceramic (i.e., 200 m/s) since the average strength of infiltrated R-SiC is about
twice that of the raw ceramic (Table 1). For a velocity of 100 m/s on an infil-
trated ceramic, no fragmentation was observed and only few macrocracks are

observed. The same sample geometry as before is used here.

The macroscopic and microscopic post-mortem cracking pattern is shown in
Fig. 6. Different zones can be separated with respect to the crack density.
The top views of Fig. 6 show that in front of the projectile, a first zone
experiences a very fine cracking pattern. In a second zone, one can observe
long radial cracks. For the raw SiC impacted at 100 m/s, the first zone has
a size of the order of 17 x 11 mm?2. This zone has a size of 20 x 25 mm?

when the impact velocity is equal to 200 m/s. For the infiltrated ceramic

impacted at 200 m/s, the size of the first zone is significantly reduced (i.e.,



15 x 15 mm?). Furthermore, the erosion of the raw SiC is more important
compared with the infiltrated ceramic. The bottom views of Fig. 6 show that in
the first zone the cracking pattern is mainly oriented along the radial direction.
These micrographs correspond to the same location (i.e., 13 mm ahead of the
impact center). When the two tests are compared for raw SiC, one can note
an increase of the cracking density with the impact velocity. When the same
velocity is considered, smaller cracks can be seen in the infiltrated material.
This trend was also observed for another SiC-Al material [12] for which it was
concluded that only a limited number of cracks was generated when compared
to dense SiC-100 and hipped SiC. All these observations are now analyzed with

a damage model based upon a fragmentation analysis.

4 Numerical Analysis of the Fragmentation in SiC Ceramics

The fragmentation process is discrete by essence. In the theory developed by
Mott [20], the fragmentation of a rapidly expanding ring was studied. Even
though it is based on some heuristics, its contains some key ingredients (i.e.,
the randomness of the process is clearly stated and accounted for) to analyze
the distribution of fragments in 2D experiments [21]. From a numerical point
of view, discrete modelings are also proposed [22-24] when the fragment size
is greater than or equal to the size of a representative element. Espinosa et
al. [25] have developed a continuum/discrete multi-scale model in which the
finer scale is discrete and allows for the derivation of a continuum description
on a higher scale. Alternatively, Continuum Damage Mechanics can be used
with an isotropic [26-28] or anisotropic [29] damage description to account
for multiple fragmentation. Consequently, in the numerical simulations, the

medium is assumed to be continuum on the scale of a finite element in which

10



numerous cracks are expected to form. In the following, a damage model based

upon a fragmentation analysis is used.

4.1  Damage Model

For brittle materials, the analysis of failure depends upon the microstructure in
terms of flaw density and failure stress distribution [30]. In the present analysis,
it is assumed that cracking occurs normal to three directions d; (i = 1,2, 3).
The microstructure is approximated by point defects of density A\ with random
locations. It can be described by a Poisson point process of intensity \; [31,32]

M) = (@>m 5

0o

Equation (5) shows that the higher the local principal stress o;, the more
defects can break. Under impact, a whole cracking pattern is observed as
shown in Section 3. In the following, it is assumed that the defect population
leading to damage and failure is identical when the material is subjected to
quasi-static and dynamic loading conditions [30,33]. To understand why a
crack nucleates, one has to model the interaction of a nucleated defect and
other defects that would nucleate. The crack propagation velocity is assumed
to be constant and equal to a fraction k£ of the longitudinal wave speed Cj
[34,26,7]. Therefore, one may define a relaxation or obscuration domain of
volume V, around a crack of normal d; (i.e., a zone in which the stresses are

less than the applied stresses, thus do not cause new crack initiations)
Vo=S[kCo(t =), (6)

which is a function of a shape parameter S, the present time ¢ and the time to

nucleation 7 < t. The shape parameter S may depend on the Poisson’s ratio
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v but it is independent of time so that the relaxed zones are self-similar. New
cracks will initiate only if the defect exists in the considered zone and if the
flaw does not belong to any relaxed zone. It can be noted that the relaxation
volumes are associated with a cracking normal d;. The total flaw density A
can be split into two parts: namely, Ay, the cracking density and the obscured
flaw density. The increment of the cracking density A, can be related to that

of total flaw density \; by [35]

dAy d)\t
— = 1-P 7
d¢ dt < ) (™)

with A, (0) = A;(0) = 0 and P, the probability of obscuration associated to

the cracking normal d;

Py=1-exp |[-Vo(t)\ {oi()}] . (8)

where V, is the volume of the mean obscuration zone

T (o0} = [ Volt = 1) 5 fo(r)) dr ()

It can be noted that Eqn. (8) accounts for overlappings of obscuration zones.
Based upon the fragmentation analysis, a damage model is now developed.
The variable P, can be used to define a damage variable in the framework of
Continuum Damage Mechanics [35]. The probability P, is assumed to be equal
to the damage variable D, associated to the direction d;. It is interesting to
mention that the first order approximation of Eqn. (8) leads to the differential
equation proposed by Grady and Kipp [26] to describe the kinetics of an
isotropic damage variable. In the present analysis, an anisotropic description
is used. The kinetics of each damage variable D; is based upon the defect

density Ay and is derived by using Eqn. (8)

d2 \1— D, dt

d? 1 dD;
dt

) — 65 (kCo)* A [os(®)] when 9% > 0and oy > 0, (10)
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where no index summation is used. The cracking velocity kCj is about 20—
40% the longitudinal wave velocity Cy (i.e., k is ranging between 0.2 and 0.4),
and S is a dimensionless shape factor: in 3D situations S & 3.74 [10]. The
compliance tensor ! is dependent upon the three damage variables D;, D,

and D3 associated with three perpendicular cracking normals d;

1
i-p, YV —V
1 1
K (DI,DQ,Dg) = E .y - ID —v (11)
—D>
1
4 4 1-Ds
L 4 (d1,d2,d3)

where E is the Young’s modulus of the virgin material and v the Poisson’s
ratio. It can be noted that the microscopic and macroscopic stresses are re-
lated by the classical effective stress concept [36] associated to each cracking

direction

(12)

so that the macroscopic strain tensor E is related to the macroscopic stress

tensor X by

E =K '(Dy,Dy,Ds) : X, (13)

where ‘" denotes the product contracted with respect to two indices. Once
the elastic properties and the Weibull parameters are known, the constant
k is chosen equal to 0.38 as for other SiC ceramics [7,10], the model has no
other parameters to tune. The following numerical simulations are therefore

predictions.
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4.2  Fragmentation analysis

Let us now consider a case with a constant stress rate do;/dt = . One can
define a dimensionless flaw density (A = \/).), time (f = t/t.), volume (V =

V/V;) and stress (7 = o/0.) from the condition
A Ve =1 with A = A Jo(t)] and V; = Vi (t), (14)

where the subscript ‘¢’ denotes characteristic quantities. A characteristic stress
is defined by o, = o t.. Equation (14) expresses the fact that the characteristic
volume V. contains on average one flaw that may break at the characteristic

time ¢.. By using Eqns. (5) and (14), the characteristic parameters are given

by

1

oy i V= l(aokCO)mSm/?’]mi“
)3 (;-m ) C )

A0S (kCo Ao o
lor's 53 mis
= |20 % 15
. [AO R (15)
and a closed-form solution can be derived for Eqn. (7)

- - m (m+3)! 3 m 6m! s
Ap(t) = t 16
(1) m+n [ 6 m! ] 7[m+3’(m—i—3)! ’ (16)

where 7 is the incomplete gamma function. Equation (16) is the ezact solution
to Mott’s problem extended to 3D cases with an initial law density modeled
by a power law function. When the time ¢ < 1, virtually no obscuration is
observed, i.e., P, ~ 0 and A\, ~ ). Conversely, when ¥ > 1, P, ~ 1 and
saturation occurs. The higher the Weibull modulus m, the higher the density

at saturation. By using Eqn. (10), the change of the damage parameter is

14



written as

6m!
Di =1- exp l—m(}'z +3] . (17)

Equation (17) shows that D;(3; = 1) =2 0 and D;(7; = 2) = 1 (i.e., most
of the damage change occurs during a time interval equal to t¢.). During .,
the horizon is limited by V,(¢.) = V;. By using Eqn. (12), the ultimate tensile

strength (d¥;/do; = 0), denoted by X, is expressed as

(18)

Equations (4) and (18) define two different regimes. The first one is obtained
when a weakest link hypothesis is made. It corresponds to single fragmenta-
tion. The second one assumes multiple fragmentation. The transition between
the ‘quasi-static’ and ‘dynamic’ strength can be estimated by the intersection

between the weakest link and the multiple fragmentation solutions

Ty = Sinax (5). (19)

The transition defined by Eqn. (19) allows for the determination of a tran-
sition strain rate € below which single fragmentation occurs and the ulti-
mate strength is strain rate insensitive. Conversely, above the latter, multi-
ple fragmentation occurs and the ultimate strength is strain rate sensitive.
For a porous R-SiC ceramic, ¢,= 530 s, whereas for an infiltrated R-SiC,
Et: 950 s~'. Because the Weibull moduli of the two materials are of the same
order of magnitude, the ratio of the two transition strain rates is close to that

of the average failure strengths under quasi-static loading conditions.
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4.3  Finite Element Computations

Finite element simulations are performed with the commercial code Pamshock
[37] in which the fragmentation and damage models are implemented. For each
step, the macroscopic strain increment is given so that the local or microscopic
stresses can be computed (since these stresses are elastic). From this informa-
tion, the damage kinetics is obtained (Eqn. (10)) as well as the cracking density
increments (Eqn. (7)) and the macroscopic stresses, which are needed by the
code. At the end of each step, the user has access to the damage variables
along the three cracking normals, the macroscopic strains, stresses and the
densities of cracking. Depending on the problem, any of these quantities can
be visualized. In the present case, we will focus on the cracking density along

the maximum principal stress direction.

The mesh is shown in Fig. 7 and uses 8-node elements with reduced integration
(i.e., only one integration point per element). The two symmetry conditions
lead to a mesh made of 5200 elements. The material parameters used in the
simulations are given in Table 1 for the tile and the projectile. It should
be remembered that no parameter is tuned by using the EOI experiments.
Figure 8 shows maps of cracking densities for three different times and three
different cases used in the EOI experiments. The dashed boxes correspond to
those found experimentally (Fig. 6). When ¢ = 3 pus, the cracking density is
greater than 10%° cracks per millimeter cube in the rectangles. Figures 8-b,c
show that a damage front gradually invades about one half to two thirds of the
tile in less than 4 pus. The pictures obtained with the high speed camera show
a very dense damage pattern created between 3 us and 4 us, then followed by

long cracks visible after 6 ps. The simulation is able to find the development

16



of the first damage front. However, there is a time lag of about 2 us for the
second phase of the cracking pattern. One may argue that the cracks and
their openings are too small to be observed by the high speed camera at their
inception. It can be noted that after ¢ = 4 us, the density in the rectangles
does not change significantly. It can therefore be compared with post-mortem

analyses shown in Fig. 6.

Lastly, a fragmentation analysis is carried out in the vicinity of a volume of
1 mm? located 13 mm ahead of the impact center. Table 2 shows the relevant
fragmentation parameters computed for the maximum tensile strain rate Emax
for the two impact velocities and for the two materials. In all cases, one has
Emax>:ft so that a multiple fragmentation regime is observed experimentally
and numerically. The cracking density at saturation A,(+o00) in the porous
R-SiC is significantly greater than that of the infiltrated R-SiC. Moreover,
Ab(+00) is similar for a porous R-SiC impacted at 100 m/s and an infiltrated
R-SiC impacted at 200 m/s. This result is consistent with the post-mortem
observations of Section 3 and confirms the beneficial effect of aluminum infil-

tration on fragmentation.

5 Summary

A new SiC ceramic infiltrated by aluminum has been studied herein. In terms
of density and Young’s modulus, the values are less than those observed for
denser SiC materials (such as SiC-100 and SiC-B grades). Even lower val-
ues are found for the raw R-SiC material. Low average failure stresses are
obtained when the two R-SiC materials are tested under quasi-static load-

ing condition. Consequently, when dealing with quasi-static loadings, the two

17



materials studied herein are weaker than denser monolithic SiC ceramics.

Edge-on-impact experiments were performed on the two R-SiC grades. When
using a high-speed camera, no significant differences could be observed. A sar-
cophagus configuration was then used to allow for post-mortem analyses that
are more precise in terms of observations of the cracking pattern. Macroscopic
and microscopic analyses show that, when subjected to impact loadings lead-
ing to dynamic fragmentation, the R-SiC ceramic infiltrated with aluminum
shows a significant reduction in cracking density when compared to the raw
R-SiC material. Under this type of loading conditions, the aluminum skeleton

provides sufficient cohesion for the cracks to be stopped.

The material parameters determined under quasi-static loading conditions are
the only ones needed for the fragmentation model used herein. A damage
model is then deduced. The finite element simulations using the damage and
fragmentation models are able to predict the trends observed in the experi-
ments for the two R-SiC grades. The numerical simulation of edge-on-impacts
shows damage patterns in agreement with experimental observations, even
though the second stage is slightly ahead of experimental observations. The
cracking density and the size of the damage zone are identical for porous R-
SiC impacted at 100 m/s and infiltrated R-SiC impacted at 200 m/s. The
infiltration has a strong influence on the initiation of cracks and a lesser effect
on their propagation as it was assumed in the simulations. This is however
going to be different when the residual strength will be assessed. This work is

still in progress.
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Table 1

Mechanical properties of various materials.

Material SiC-100¢  SiC-B’ | R-SiC  R-SiC-Al steel
Young’s modulus £ (GPa) 410 455 260 317 210
Poisson’s ratio v 0.15 0.16 0.16 0.17 0.3
Density 3.15 3.20 2.64 2.99 7.8
Porosity 1.8% 0 17% 2.5% 0
Yield stress oy (MPa) - - - - 1300
Weibull modulus m 9.6 27 26.5 24 -
Mean strength oy, (MPa) 360 560 100 200 -
Effective volume (mm?) 1.25 1.25 1.25 1.25 -
Number of samples 65 30 19 12 -
Type of test 3-point  4-point | 3-point  3-point -
flexure  flexure | flexure  flexure

t: after Ref. [33]

> after Refs. [38,39)]

1. AFNOR 35NCDI16 steel heated to 875°C, quenched and annealed at 550°C for
2h (chemical composition in wt%: C = 0.38, Si = 0.30, Mn = 0.60, Cr = 1.50,

Mo = 0.40, Ni = 4.30, Fe = balance)
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Table 2

Fragmentation data 13 mm ahead of the impact point for a volume of 1 mm

Material R-SiC R-SiC-Al

Impact velocity (m/s) | 100 200 100 200
ow (MPa) 100 100 200 200
& (s71) 530 530 950 950
€max (371) 3900 5660 | 3880 7310
Ymax (MPa) 126 131 238 255
Ab(+00) (mm~?) 6059 16513 | 1058 5722
te (ps) 0.11  0.08 017  0.10

Forquin et al.
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Fig. 1. Limit velocity of penetration vs. mass per unit surface of armor for different

materials (after Ref. [2]).
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Fig. 2. a-Schematic of a normal impact on a bilayered system. Post-mortem obser-
vation of a SiC-100 ceramic / armor steel backing impacted by a steel projectile
(AFNOR 100C6, AISI 52 100) at 250 m/s.

b-Edge-on-impact of a bilayered system (left) and a ceramic (right) 2.9 us after
impact by a steel projectile (AFNOR 100C6, AISI 52 100) at 250 m/s.
c-Schematic of a sarcophagus configuration and post-mortem observation of a
SiC-100 ceramic impacted by a steel projectile (AFNOR 100C6, AIST 52 100) at
330 m/s.
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Fig. 3. View of a multilayered armor made of R-SiC-Al ceramics impacted by an
AP 7.62 mm bullet. No perforation can be observed and the fragmentation process

is confined around the impact zone (see zooms of three different zones).
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Fig. 4. Experimental configuration for EOI experiments.
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Fig. 5. Comparison of damage patterns for an R-SiC (a) and R-SiC-Al (b) ceramic

impacted by a steel projectile travelling at 202 m/s.
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Fig. 6. Post-mortem observations and zoom around a central zone located 13 mm
from the impact point:

R-SiC impacted at 100 m/s (a) and 200 m/s (b), R-SiC-Al impacted at 200 m/s
().
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Fig. 7. Mesh of one quarter of a ceramic tile and a striker.
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Fig. 8. Change of the cracking density with time: t = 2 us (a), t = 3 us (b), t =
4 ps (c) after impact for R-SiC impacted at 100 m/s (left) and 200 m/s (middle),
R-SiC-Al impacted at 200 m/s (right).
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