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" The frictional strength of the powder‘of two ballistic materials (SiC and Al,Q3) under low
confining pressures has been studied statically and dynamically. In the stati¢ tests, the
influence of the ceramic fragment size upon the internal friction coefficient value was
investigated. In the dynamic tests, the effect of the ceramic fragment size, the relative sliding
velocity and the confinement load were studied. It was found in the experimental conditions,
that the influence of the fragment size and of the relative sliding velocity upon the internal
friction coefficient value of comminuted SiC and Al,O; is important.

1. Introduction

Ceramic-faced armours backed by metallic or com-
posite plates have proved to be a very efficient ar-
rangement for defeating ballistic projectiles. Strong
ceramics are of great practical importance in de-
signing such composite armours, owing to their ero-
sive properties when subjected to highly energetic
attack by penetrators. ‘

After impact on a ceramic composite armour, a
complex stress state is generated, where compressive
stress waves move through the target reflecting at the
ceramic/backing plate interface as tensile waves. Thus
both tensile and compressive fracture may take place.
The fracture of ceramics leads to the formation of a
fine powder which may deform non-reversibly by the
relative motion of the ceramic fragments. Frictional
effects may, therefore, be important and they are a
cause of the ability of comminuted ceramic to support
deviatoric stresses. The importance of this comminu-
ted ceramic zone ahead of the projectile in ceramic
penetration has been pointed out by several authors
[1-4]. To study this property of pulverized ceramic,
impact experiments at high velocities of tungsten rods
on confined ceramic targets have been performed [4].
Thus, for the projectile to advance, it is required that
the comminuted ceramic material in front of the
penetrator moves away from its path, a conclusion
which is confirmed from fractographic observations.
Therefore, projectile penetration is mainly controlled
in these conditions by the Coulomb frictional forces
developed in the comminuted ceramic zone.

In ceramics, most of the research performed in the
past refers to intact material, whereas little informa-
tion dealing with pulverized ceramic is available in the
open literature. Attempts have been made to quantit-
atively determine the properties of granular ceramics
by Johnson et al. [5], who performed quasistatic tests
on comminuted SiC and estimated an internal friction
coefficient for this material of 0.46. Klopp and
Shockey [6] used a symmetric plate impact technique
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to study the dynamic behaviour of SiC. By measuring
the transverse velocity history, they performed nu-
merical simulations of the experiment, varying the
parameter values of the constitutive model employed,
until a reasonable agreement with experimental meas-
urements was obtained. On this basis, they concluded
that the internal friction coefficient for SiC in such
conditions is about one-half to one-fourth of that
obtained by Johnson et al. [5] under quasistatic
conditions.

The behaviour of granular materials has been also
the subject of theoretical investigation. Rudnicki and
Rice [7] have developed a macroscopic model for the
behaviour of granular materials, introducing the con-
cept of an internal friction coefficient, n. This para-
meter relates the equivalent shear stress, T, borne by
the material and the hydrostatic pressure, o, acting on
it by the expression T = pc [7]. Other authors have
attempted statistical descriptions of the behaviour of
planar arrays of granular materials [8, 9]. In this
manner, it has been possible to relate the value of the

“internal friction coefficient, p, for planar assemblies of

discs, to the sum of the contributing anisotropy
in contact normals and anisotropy in the distribution
of average normal and average tangential contact
forces [8].

In this work, an experimental study of the ability of
silicon carbide and alumina powder to bear shear
stresses under low confining pressures was under-
taken. Both static and dynamic tests were performed.
In this way, the internal friction coefficient, p, ( = 1/0)
was determined for different fragment sizes, relative
sliding velocities and confinement loads. In the experi-
mental conditions, it was found that both the fragment
size and the relative sliding velocity may have an
important influence in the internal friction coefficient.

2. Experimental procedure
The determination of the internal friction coefficient of
the SiC and Al,0O; ceramic fragmented material, was
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attempted by use of some techniques originally con-
ceived for application in soil mechanics. A detailed
description of such techniques has been given else-
where [10], and only a brief explanation will be
included here.

The determination of the static internal friction
coefficient was attempted in two different ways. The
first one consisted of pouring the ceramic powder on a
funnel and thus giving rise to the formation of a
conical-like volume of material as the falling powder is
deposited on a horizontal plane. From a well-estab-
lished result of soil mechanics, it is known that the
value of the angle with respect to the horizontal of the
generatrix of the above conical-like volume, coincides
with the internal friction angle of the material [10].
The second method consisted of filling a box with
transparent walls with the ceramic powder, and then
suddenly removing one of the walls. The final angle of
inclination of the surface of the ceramic fragmented
material with respect to the horizontal coincided
again with the internal friction angle of the material
[10]. In practice, both methods gave very similar
results, and the results obtained with both methods
were averaged to estimate the final static internal
friction coeflicient value corresponding to each case.

The dynamic estimation of the internal friction
angle was attempted by use of the arrangement depic-
ted in Fig. 1, and further described elsewhere [10]. In
such an arrangement the ceramic fragmented material
is placed between two boxes, having a cross-sectional
area of 34.77 cm?2. Then, the powder is confined by the
application of a compressive load. A relative oscil-
latory motion between the boxes is imposed by a
vibrator, and the friction force developed in the pow-
der is recorded. Then, the internal friction coefficient,
p, is simply computed as the quotient between the
friction force developed in the ceramic powder and the
total applied compressive load [10].

3. Results

Static internal friction coeflicient values for SiC and
Al,O, as a function of the average fragment size are
plotted in Fig. 2. It is observed in this figure that for
both materials the internal friction coefficient first
decreases with increasing fragment size, and then
begins to increase slightly with increasing fragment
size.
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Figure 1 Arrangement employed in the dynamic estimation of the
internal friction coefficient.
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Fig. 3 shows the typical shape of the frictional force
versus time curves obtained in the dynamic tests. For
the two cases shown, the force initially increases and
after a small peak it continues to increase up to the
instant when the frictional force stabilizes. This latter
stabilized value was employed to compute the internal
friction coefficient in each case, by taking as a refer-
ence the value of the frictional force measured in the
absence of ceramic powder. Fig. 4 shows the dynamic
internal friction coefficient for SiC and Al,O; as a
function of the fragment size, for a relative sliding
velocity of 40 mm s~ ! and a confinement load of 52 N.
We see that the initial tendency of the friction coeffi-
cient to decrease with increasing fragment size is
enhanced compared with the static case. There is a
similar tendency for this parameter to increase after
reaching a minimum in the p vérsus fragment size
curve.

Fig. 5 shows the internal friction coefficient value
for SiC and Al,O; as a function of the confinement
load, for a relative sliding velocity of 40 mms~! and
the indicated values of fragment size. For alumina, a
marked increase in the friction coefficient is initially
observed, followed by a region of relative stabilization
of its value. For SiC, only a slight tendency to increase
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Figure 2 Static internal friction coefficient values for (—O-—) SiC
and (——-@—--) Al,O,, as a function of the ceramic fragments size.
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Figure 3 Typical friction force versus time curves corresponding
to the dynamic tests for Al,O;. (a) Fragment size 0.47 mm, ¥
=40mms~?, Fy=250N. (b) Fragment size 3.75mm, ¥
=40mms %, Fy=52N.
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Figure 4 Dynamic internal friction coefficient for (—O—) SiC and
(——-@-—-) AL, O,, as a function of the fragment size, for a sliding
velocity of 40 mms ™" and a confinement load of 52 N.
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Figure 5 Dynamic friction coefficient for (O) SiC (fragments size
0.35 mm) and (@) Al,O; (fragments size 0.47 mm), as a function of
the confinement load for a sliding velocity of 40 mms™*.
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Figure 6 Dynamic friction coefficient value for SiC, as a function of
the relative sliding velocity, for a confinement load of 52 N and
fragment sizes of (O) 0.35 mm and (00) 2.52 mm.

of the internal friction coefficient value with increasing
applied load is detected. Figs 6 and 7 show the friction
coefficient values of SiC as a function of relative
sliding velocity, for fragment sizes 0.35 and 2.52 mm,
and for confinement loads of 52 and 77 N, respect-
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Figure 7 Dynamic friction coefficient value for SiC, as a function of

the relative sliding velocity, for a confinement load of 77 N and
fragment sizes of (O) 0.35 mm and (OJ) 2.52 mm.
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Figure 8 Dynamic friction coefficient value for Al,Oj,asa function
of the relative sliding velocity, for a confinement load of 52 N and
fragment sizes of (@) 0.47 mm and () 1.87 mm.
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Figure 9 Dynamic friction coefficient value for Al,Oj, as a function
of the relative sliding velocity, for a confinement load of 77 N and
fragment sizes of (@) 0.47 mm and (M) 1.87 mm.

ively. Figs 8 and 9 show the friction coefficient values
of Al,0; as a function of the relative sliding velocity
and for fragment sizes of 0.47 and 1.87 mm, and for
confinement loads of 52 and 77 N, respectively. We
appreciate that for both materials, there is an import-
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ant influence of sliding velocity on the friction coeffi-
cient value, which reaches values larger than unity for
the largest velocities tested. Moreover, from Figs 6
and 7 it is apparent that an increase in the fragment
size of silicon carbide powder tends to cause an in-
crease in the internal friction coefficient, especially in
the low-velocity range. This effect is much less marked
for alumina (see Figs 8 and 9).

4. Discussion

An outstanding result of the present investigation is
the marked dependency, under dynamic conditions, of
the internal friction coefficient of fragmented SiC and
AlL,O; on factors such as the fragment size and the
relative sliding velocity. In effect, whereas under static
conditions the internal friction coefficient for both
materials with increasing fragment size tends to vary
little (see Fig. 2), the variations in the value of p under
dynamic conditions are greatly enhanced (see Fig. 4),
causing an important increase in the internal friction
coefficient value with the fragment size after the
minima of the curves-shown in Fig. 4 are surpassed. A
similar effect is observed if the relative sliding velocity
exceeds a value of, say, 120 mms~* (see Figs 6-9),
where an abrupt increment in the internal friction
coefficient with the relative sliding velocity takes place.
On the contrary, it seems that, for the values of sliding
velocity and fragment size specified in Fig. 5, if the
confinement load reaches a critical value, a relatively
stable . compaction state is reached under dynamic
conditions, in such a manner that the internal friction
coefficient varies little if the confinement load is in-
creased further. ,

The above results suggest than when an impacting
projectile penetrates a ceramic plate, the friction coef-
ficient of the ceramic fragments generated by the
impact will be greatly affected by the size of the
fragments and by the relative sliding velocities be-
tween them. From the present work, there is insuffi-
cient information to estimate the influence of the
confinement pressures on p in the range of high
confining pressures developed during impact. Also, it
seems that very high p values (even larger than unity)
may be developed in the fragmented ceramic, both for
silicon carbide and alumina, for sufficiently large relat-
ive sliding velocities. This may suggest that, under
certain conditions, fragmented ceramic may retain at
least a fraction of the ballistic efficiency of undamaged
ceramic. '
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5. Conclusions

The internal friction coefficient values of two ballistic
ceramics, SiC and Al,O; have been determined, stat-
ically and dynamically. The influence of factors such
as fragment size, confinement load and relative sliding
velocity on the internal friction coefficient values has
been assessed. Under the experimental conditions,
factors such as fragment size and relative sliding velo-
city were found to have an important influence on the
dynamic internal friction coefficient value for both SiC
and Al,O;. This fact is of great importance with
regards to the understanding of the ballistic per-
formance of ceramic-faced armours, as well as in the
numerical simulation of impaot on ceramics.
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