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1. INTRODUCTION

The presented work is an attempt to extend earlier work
on energy consumption effects in dynamically 1loaded glass
targets to ceramic materials. These materials gain an
increasing importance for protection purposes in ballistic
applications due to their unexpectedly 1large ballistic
resistance against the impact of kinetic energy
prdjectiles. It is assumed that these properties are a
consequence of a ncn-linear energy absorption effect which
has not yet been completely investigated and understood.
New informations onh the energy sink are expected from the
investigation of wave propagation and fracture occurence
within the dynamically loaded fragmenting material.

Initially assigned transparent sapphire samples were not
available in time, so the experiments were performed with
alumina tiles all of the same batch with the desired
dimensions and probahly almost the same material
parameters. This material was used to learn about how to
prepare surfaces of an opaque, non-metallic material for
optical purposes and how to work with this material.

An optical method - high speed photography with the
application of the shadow optical method - 1is the main
research technique during this work. The material samples
are impacted by a projectile or a bullet. Waves and
fractures occur within the sample and their appearance is
photographed and measured.

It was expected and also experienced during this work
that with the step from glass to ceramics two main features

changed significantly:




® Ceramic materials exhibit sonic velocities about twice
of those of glasses. Consequently, electronic aids often
reach their limits with respect to time resolution &nd,
sometimes, have to be improved.

® The material is opaque and it is not possible anymore to
observe wave and fracture phenomena inside the targets by
transmitted light as before with glass. With the applied
optical method in reflectior surface phenomena only can be
seen and these have to be understood with respect to the

originating events inside the material.

In this report a brief review (chapter 2, BACKGROUND)
recapitulates findings of earlier work which serve as a
starting platform for the current research.

The experimental technique mainly applied in this
research is sketched in chapter 3, EXPERIMENTAL TECHNIQUES.
This includes loading devices, improved electronic aids,
and the shadow optical method combined with high speed
photography.

PREEXPERIMENTS are reported in chapter 4. Their purpose
was to connect to earlier work and to test new methods,
e.g. the shadow optical method in reflection under new and
difficult conditions.

SPECIMEN PREPARATION is described in chapter 5.

Current rasuits are reported in chapter 6, EXPERIMENTAL
RESULTS, analysed in chapter 7, ANALYSIS OF WAVE AND
FRACTURE PHENOMENA, and discussed in chapter 8, DISCUSSION
AND CONCLUSIONS.

A ceramographical description of the material used in

this work is given in the APPENDIX.

P
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2. BACKGROUND

In previous experiments and numericel simulations (1, 2]
the response of differe.t glass materials tc impact loading
was investigated. Nine series of experiments were

performed, eight with different glasses and one with a

material fo) E ) HV . Z = Pe.
kg/ma GPa m/s kg/(mzs)
Floatgl. | 2 500 - - 680 | 5 860 | 14.7%x10°
SF6 5 180 56 | 0.248 | 407 | 3 595 } 18.6%10°
SF14 4 540 65 | 0.235 | 465 | 4 091 | 18.6%10°
F6 3 760 57 | 0.231 455 | 4 196 | 15.8%10°
SKN18 3 640 88 | 0.296 | 689 | 5 673 | 20.6%10°
FN11 2 660 84 | 0.23 710 | 6 051 § 16.1%10°
K5 2 590 71 0.227 | 584 | 5 624 } 14.€x10°
PK3 2 590 g4 | 0.207 | 680 | 6 030 | 15.6%10°
Zerodur | 2 530 91 0.24 750 | 6 511 | 16.5%10°
Steel I 7 800 | 201 0.30 1019 | 5 8504' 45.6%10°
we |14 900 | 576 | 0.22 | 1630 | 6 650 I 99.1%10°

Table 1 Data of the material used in earlier research
(after [1, 2]); data for steel and tungsten
carbide (WC), the bullet material, are taken

from [6], Tables 2 and 3




glass ceramic (Zerodur). The targets were 1impacted by
bullets fabricated from tungsten carbide (WC). A constant
impact velocity of vP = 1060 m/s was used. These materials
differed by their material constants according to Table 1.
The symbols are o = mass density, E = Young's modulus,
p = Poisson’s ratio, HVY = Vickers hardness, cL = jongitu~
dinal wave velocity, and Z = acoustic impedance.

Resuits are given in the graphs of Figuras 1t to 3, In-
vestigated was the ballistic resistance of the materiails
which is characterized by the normalized residual velocity,
VR/VP (vR prcjectile velocity after perforation, vP impact
velocity). Those experiments were carried out in two
different ways: with a constant area density pF of the
target material (i.e. varying thickness of the target),
symbol (x), and with targets (diameter 150 mm) of constant

thickness d, symbol (e).
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Further and more general results of these series of

glass axperiments can be summarized as follows:

With glass targets bullets made out of WC behave rigid.
Usually, they are neither fragmented nor eroded and
maintain their dimensions when penetrating the glass
targets.

The structure of the target (homogeneous or laminated
aglass blocks) does not significantly influence the
ballistic resistance.

Targets with a constant area density (i.e. varying
thicknesses) show increasing ballistic resistance when
the density decreases and sound wave velocity and
hardness increase.

Targets with a constant thickness have the same
ballistic resistance.

These four experimental results could also be verified

by a numerical simulation using the 2D/3D Lagrange code

DYMAS/L.

The behavicur of a hypothetical material calculated
with this code by using the density p of glass SF6
(Table 1) and all the other parameters taken from glass
FN11 (Table 1) resulted in a residual velocity Vn =
0.14 vP (loading conditions remain unchanged). This
differs considerably from comparable results with real
materials (Table 1 and Figs.1 to 3) and is close to the
behaviour of ceramic materials.

No hint was found for a contribution of secondary cracks
generated in the pressure regime of the shock wave [3]
to the failure behaviour of the glass targets, neither

in experiments nor with numerical simulations.




A1l these results show that with glass not Jjust one
unique physical (static) property determines the ballistic
performance of a material. It 1is rather a group of
parameters which has to be changed to improve the ballistic
performance. This is obviously also true with ceramics,

which was concluded by Viechnicki and coworkers [4, 5].

3. EXPERIMENTAL TECHNIQUES

3.1 Loading Devices

The impact experiments are performed with the use of a
gas gun and a powder gun, depending on the range of the
impact velocity. The gas gun is used with impact velocities
below 400 m/s and the powder gun above this value up to
about 1500 m/s. Testing the optical method with mirrored
ceramic samples was achieved with a 4.5 mm bore air rifle
and a bullet speed of about 200 m/s. With some of the main
experiments a 5C mm bore gas gun was used. With this
machine very precise impacts can be produced since the
target can be fixed right at the muzzle of the barrel. The
projectile then is still guided by the barrel during the
impact event. For the powder gun two different barreis were
used, one with an inner diameter of 12.7 mm and another one
with a 20 mm bore. Because of the very high expansion speed
of the opaque propellant cloud 1in the vicinity of the
muzzle it is not possible to fix the target near to the
muzzle. A several metres free flight distance is,
therefore, necessary, but makes it difficult tc achieve a

reproducible and precise impact.




Two types of projectiles were used with the 50 mm gas
gun, flyer plates 10 mm thick and 49 mm in diameter made
from ARMCO ircn and ball-like 1impactors for a ~ointed
impact with 10 mm diameter fixad on a flyer plate. In both
cases the impactors were glued on a tight and hollow
aluminum sabot. The projactiles for the powder gun
(diameters 12.7 mm and 20 mm) were fabricated from steal
for the main experiments. Their masses were 12.7 g and
50 g. Also in this case two bullet shapes were used, one

with a blunt and the other one with a conical nose.

3.2 Trigger Circuits

The impact velocity was measured with one or twe light
barriers which are interruptecd by the travelling projectile
prior to impact. The principle is to count the time the
projectile needs to pass a certain basic length. If only
one light beam is used, the interuption time must be
determined, i.e. the length of the projectile is the base
of the speed measurement and must, therefore, be known. An
interrupted li1ght beam or a light grid was in some cases
also used as a trigger device for starting the high speed
camera & few microseconds hefore impact.

Light beams - e.g. laser beams - do not exhibit a well
defined diameter. The intensity distribution across the
diameter is often g¢gaussian-like and the intensity can
fluctuate somewhat with time. A fixed trigger threshold for
the light pulse as commonly used has the consequence,
therefore, that ¢the basic length for the velocity

measurement or the site of the trigger evernt is not very

well defined. A newly developed sophisticated circuit




mat.ches the trigger threshold to exactly one half of the
intensity of the light beam right before the interruption,
and avoids, therefore, scatter by fluctuating 1light and
determines the trigger sites exactly to the center of the

beam. The principles of this circuit are shown in Fig.4.

4

Fig.4 Circuit diagram of an automatically centering

trigger device

The optical signal is picked up by a PIN-diode and
transferred into a voltage signal A. Half of the signal is
stored in a capacitor C with an appropriate time constant.
This is labeied “B" in Figs.4 and 5 and used as a reference
signal. If a projectile then is going to cover the beam the
decreasing original signal A passes the stored signal B as
is shown by the oscilloscope traces of Fig.5. At this
ingstant the comparator forms the trigger signal C (Figs.4
and 5).

Another matlefunctiion of light beam trigaering can occur
if the air shock wave produced by the flying projectile is

not attached to it but travels with a faster velocity at an




Fig.6 Osciliograms of the signals A, B, and C of Fig.4

increasing distance to the projectile. The shock wave can
be able to deflect the light and simulate a passing
projectile. This happened with the 50 mm gas gun with
velocities in the 200 m/s range. In these cases a trigger
contact soived the problem with a pair of contact wires
being short-circuited by the flyer plate &at a certain
distance x in front of the target for a pretrigger. The

i = xX/v {
/ \ 1)

with vP being the impact velocity. An impact velocity of
100 m/s and a distance x = | mm produces a pretrigger of t_
= 10 us. The wutility of a well defined pretrigger is
obvious for the registration of electronic zero-signals or

a zero-picture with the high speed camera. The circuit of

this contact trigger device is shown in Fig.§.
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Fig.6 Contact trigger device

3.3 High Speed Camera

The main tool for the reported investigations was a high
speed camera of the Cranz-Schardin type. This is a 24 spark
camera with the sparks being fired one after the other by a
precise quartz generator and a minimum picture separation
time, i.e. a time resolution, »nf one microsecond. Spatial
picture separation is achieved by a concave mirror which
images the plane containing the 4 * 6 spark array onto a
piane containing the 24 lenses of the camera being arranged
in the same way. This principlie of the camera requires the
specimen being an optical part of the ray tracing, this is
either a window 1in the case of transparent specimen
material or a mirror in the case of an opaque specimen
material. Only the effect of interest, say a moving bullet,
a wave, a crack, or any other distortion, shall become
visible.

A typical experiment 1is sketched in Fig.7 with a
mechanically lcaded notched transparent bend specimen as an

object. If, at the critical load, the notch tip becomes

t




instable a 1light beam traversing the specimen is
interrupted by the propagating crack anrd consequently
triggers the camera in order to photograph the prcepagating
crack. The light rays of the sparks are affected only by
the crack and by loading effects in the vicinity of the

crack tip but not by the remaining parts of the specimen.
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Fig.7 Application of the Cranz-Schardin camera in a

transmission arrangement
3.4 Optical Method

The application of the Cranz-Schardin high speed camera

trequires the additional application of an optical method to

12




visualize the mechanical effect of interest. Examples of
these methods are
] shadow photography (silhouette imaging), camera focussed
onte plane of object; example: flight of a bullet;
[ ] shadow optical method, camera focussed onto a plane
different from the object plane in order to photograph
a shadow pattern formed by deflected light;
® shadow optical method of caustics, a special case of
the previous method accompanied with the occurence of

stress concentrations (for details see [7]);

® schlieren optical method;
® photo-elastic method, (stress birefringence):

Throughout this work shadow photography and the shadow
optical method were used both in a special version, these
methods in reflection (because of the ceramic specimens
being opaqué). The shadow optica! method utilizes the
deflection of 1light by movements (i.e. tilts) of the
reflecting sample surface caused, for instance, by internal
mechanical pressure. The deflected light forms shadow
spaces outside the sample. Cross sections of them, the
shadow patterns, can be photographed by the camera. For
this purpose the camera must be focused onto this plane
which may be called a reference plane with distance zo from
the object nlane (the sample plane). The size of the shadow
pattern, i.e. the sensitivity of the method, depends on the
distance z which must be matched to the problem. The
optical arfangement used with the experiments reported here

is shown in Fig.8.




Fig.8
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3.5 X-ray Arrangement

The X-ray arrangement consists of a 4 channel 300 kv
FIELD EMISSION equipment. The distance between X-ray tubes
and target is 1 m and between target and Film about 0.2 m.
The radiation axis is perpendicular to the impact
direction. With this equipment single flash photography or
cinematography can be performed. The purpose for the
application in this research was to study the quality of
projectile impact and to get informations on the
deformation of projectiles during penetration within
fragmented targets or debris clouds wnich are opaque for

optical radiation.

3.6 Loading Arrangements

Three different loading arrangements were used for the
work reported here. These are illustrated in Fig.9. They
either differ in the impact mode or in the observation
moda. Pre-experiments (chapter 4) were performed 1in the
starting phase with the arrangement shown in Fig.9a— with
the specimen loaded centrally for perforation experiments.
Edge or loading combined with up-side viewing (Fig.9b) was
also used in pre-experiments in order to study details of
the impact event. Fig.9c shows the arrangement which was

used to photograph wave propagation and damage processes.




(a) central

loading

(b) edge on

loading

(c) edge on

toading

Fig.9
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4. PREEXPERIMENTS

4.1 Central Impact

Impact experiments have been performed to study the
difference of damage procesgses in glass and ceramic. The
shape of the targets was circular with a diameter of 150 mm
and a thickness of 10 mm. They were impacted at the centre
point (Fig.9a) under identical conditions by pointed
tungsten carbide projectiles, length 41 mm, diameter 13 mm,
mass 68.9 g, striking velocity Vg ° 1060 m/s.

Two examples of the photographical series of the pene-
tration event are shown in Fig.10 for a glass target and in

Fig.11 for a ceramic target. Some results taken from these

main clioud of debris

fragment separation
tip of projectile

front of

glass debris cloud

SEe H 3031

Fig.10 A pointed WC bullet perforating a crown glass

target (thickness 10mm)

17




main cloud of debris

fragment separation
H 3029
Fig.t1 A pointed WC bullet perforating an alumina target
(thickness 10mm)
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figuies are presented in the graphs of Figures 12, 13, and
14. From Fig.12 must be concluded that after perforation
the bullet (Fig.10) or its fragments (Fig.11) travel with
the same residual velocity, vR = 0.94 VP, for both target
materials.

Fig.14 shows that the radial separation movement of the
debris from the rear surface is slightly faster with glass
than with ceramics. The movement in axial direction, on the
other hand, is slower with tne glass due to air drag

(Fig.10).

MOVING DIRECTION

Fig.15 Moving fragments of a WC bullet after perforating a

tomm alumina target; X-ray flash shadowgraph

With all these experiments the tungsten carbide projec-
tiles either survived the experiment almost unhurt or were
completely destroyed (Fig.15). This phenomenon of the
bullet, fragmenting or not when perforating a target,

depends on the target material. With glass as the target

20




material the bullet remained undamaged, with alumina not.

This can be understood by an estimation of the stresses
produced in bullet and ta~rget) by the impact generated
shock waves. The pressure o of a shock wave 1is determined
by the shock impedances (approximately equal to the
acoustic impedance Z = p cL) of the involved materials,
i.e., the target and the projectile material (see eq.(2)).
This can be illustrated by a (¢, v)~-state diagram (Fig.16),
which shows the states prior to impact of the target (1) in
the origin of the diagram (0 = 0, v = 0) and of the bullet
(2) on the horizontal axis (# = 0, v = vp). The states of
the impacted materials, determined by the stress UA of the

state and by the particle or mass velocity vA within the

o 1
o = =Z (v-v_)
P P
STEEL TUNGSTEN CARBIDE
ALUMINA
o =2 Vv
T
o —
A GLASS
] 2) >
v v
A P

Particle Velocity v

Fig.16 (~, v)-state diagram for a glass and an alumina
target, both impacted by a tungsten carbide and

a steel impactor

21




stressed volume, are given by the intersection points (3)

of the Rayleigh lines of the involved materials. The slopes
of the Rayleigh 1ines are determined by the acoustic ‘mpe-
dances of the materials. It can be seen that for ceramics
with the larger acougtic impedance the common stresses
produced in impactor and target are larger than with a
glass target. A second line shows the same situation for a
steel impactor. For steel 2Z = 45%10° kq/(nfa) (Table 1).
This is about one half of that of tungsten carbide.
Consequently, the corresponding state paramete!s are
somewhat below the data for tungsten carbide.

The state coordinates of the diagram of Fig.16 are

approximately given bei eqgs.(2a) and (2bj):

Zr * Z; P
(a) o T3 Vo (b) A A (2)
T r T P

with the indices T and P for target and projectile,
respectively. The expression for o, can be used to compute
quantitative preasure data:

The acoustiic impedances Z = ptcL of glass are given in
Table 1. The largest value is Z = 20%10° kg/(m's).With the
data o and cL of alumina g@iven 1n the appendix an acoustic
impedance Z = 40*106 kg/(mﬁs) is calculated. The data of
tungsten carbide (from [el), p = 14 900 kg/mg and
c_ = 8650 m/s, yield Z = 100%10° kg/(m’s).

With this follows for the pressure of the waves produced
when impacted by a tungsten carbide bullet at 1060 m/s
= 18 GPsa

o
A, GLASS

and fod = 30 GPa.
A, ALUMINA
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Thege two stresses differ by almost a factor of twn. In

bot.h cases the targets were fractured. Obviously, these
pressures exceed the strengths of the target materials. The
tungsten carbide projectile, however, was only fractured
with the alumina target, not with the glasas targets. It
must. be concluded, therefore, that the fragmentation
threshold (the ultimate strength of tungsten carbide) 1lies

somewhere in between these two values, 18 and 30 GPa.

4.2 Edge On Impact

The reproducibility of wave and fracture phenomena
depends on the accuracy of the impact event. The energy
transfer, for example, is sensitively cuntrolled by the way
the contact takes place. Difficulties can arise with powder
guns. At the muzzie, the opaque propellant cloud is faster
than the projectile and disturbs the observation. A certain
free flight distance is, therefore, necessary to
sufficiently separate projectile and cloud. This free
flight period, however, can be the reason for problems
concerning the precision of the impact event, with blunt as
well as with pointed bullets.

Some attention, therefore, was focused on this savent.
With the arrangement shown in Fig.9b optical and X-ray high
speed photography was applied. An experiment with
simultaniously applied optical and X-ray photography is
shown in Figs.!7a and b. The glass target was impacted by a
blunt steel buliet (vP = 1002 m/s). The loading arrangement
was that of Fig.9b. The picture interval times of the
optical photographs are shown in the figure (Fig.17a). The

X~ray shadowgraph of this experiment was taken in an
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Fig.17

(a)

(b)

Symmetrically impinging blunt bullet on glass slab
(a) cptical shadowgraphs (arrangement Fig.9b)
(b) X-ray flash shadowgreph {(arrangement Fig.9c)
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(b)

Fig.18 Symmetrically impinging bullets on giass slabs

(a) X-ray flash shacdowgraph (arrangement Fig.9b)

(b) optical shadowgraph (arrangement Fig.9b)
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arrangement similar to Fig. 9c. It shows cratering of the

glass target and deformation of the penetrating bullet
after 18.9us. The shadow areas on the sides and in front of
the buliet are due to the expanding fine debris of the
glass rather than to shock compression. This obsgervation
method is not sensitive Ffor cracks and voids within the
target.

Fig.18 shows two more experiments with satisfactory
impact situations at very high impact velocities, vP =
1562 m/s (Fig.18a) and Ve = 1412 m/8 (Fig.18b).

Experiments with unsatisfactory obliique impacts are
shown in the next two figures, Fig.19 and Fig.20a and b. In
the two optical shadowgraphs air shock waves due to the
Poisson effect can be seen on each side of the target. The
unsatisfactory impact situation is demonstrated by their
asymmetry.The degree of asymmetry can also be seen from the
debris cloud not being symmetrical anymore. X-ray
photography shows the plastic deformation of the bullet
being asymmetrical if the bullet hits the target under an
oblique angle.

These expsriments caused a rearrangement of the
gun-target set-up and resulted in an improvement of the
impact precision: the muzzle-target distance was reduced

and the bullet fabrication could be improved.
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Fig.19 Asymmetrically impinging bullet on a glass slab
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(a)

(b)
Fig.20 Asymmetrically impinging bullets on glass slabs
(a) X-ray flash shadowgraph (arrangement Fig.9b)
(b) optical shadowgraph (arrangement Fig.9b)




4.3 Testing the Reflection Method

With the experiments performed earlier [3] on glass
slabs using the shadow optical method in transmission (see
Fig.21) material failure could easily be observed and
measured since 1interpretation of optical effects was
straight forward:

At the impact site a black area is produced and this was
interpreted as the material being damaged into a very fine
debris. Much of the initial energy is consumed by this
process. After this starting period a great number of
single, radial cracks develop and propagate all with the
same velocity indicated by the circular shape of the crack
front. This turned out to be the terminal crack velocity of
glass, 1460 m/s, well known from fracture mechanics. This
crack tip front is, obviously, far behind the longitudinal
wave front (% 5860 m/s) or the transversal wave front
(% 5450 m/s).

An increasing number of additional cracks occur in front
of the primary cracks with an increasing impact velocity,
i.e., enhergy density in the specimen (Fig.21b and c). These
"secondary cracks” emanate from nuclei activated in the
stress field behind the longitudinal wave front and expand
radially in both directions, towards the impact site and
away from it with terminal crack velocity, 1460 m/s
(Fig.21b). This behaviour 1is even more pronounced with
btlunt bullets, the number of nuclei increases
gsignificantly (Fig.21c). The large impact area is capable
to transfer much moire energy into the target.

These situations are demonstrated by the two wave

diagrams of Figs.21a and c. No nucleation was seen with the
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Fig.21 Three experiments with glass targets and the

optical transmission technique (from [3])
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slower pointed bullet of Fig.21a. The connection of all

nucleation events in the experiment of Fig.21c results in a
straight 1ine, tha slope of it forming what was called
“damage velocity vD". This is a very high one in the
experiment of Fig.2i1c, Vp © 4651 m/s. This phenomenon, the
generation of additional cracks by activated crack nuclei,
is the special damage mechanism observed in glass. One
parametor for describing this effect was considered to be
the "damage velocity vD"

An additional effect in the experiment of Fig.21c is the
visualization of waves. Longitudinal and surface waves are
photographed. This was achieved with the application of the
“shadow optical method”, i.e. with the camera focused onto

a reference plane different from the object plane (see

section 3.4, page 12 ff).

Difficulties were expected with the interpretation of
the shadow optical photographs in reflection. A program
was, therefore, started to develop a stepwise transition
from the transmission experiments on glass to reflection
experiments on glass in order to better understand the
reflaction experiments with ceramics. The first step was
done by using an uncoated (unmirrored) glass slab as a
target, in combination with the shadow optical method in
reflection and a mirror mounted behind the specimen to
reflect the light (# 5517, Table 3, no picture). The result
was the same as with comparable experiments in transmission
performed earlier [3].

In the next step this mirror was omitted, so that one

part of the light was reflected from the rear surface and
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another part from the front surface of the transparent

specimen. Also in this case the light reflected at the back
face had to traverse the specimen twice, so that this
transmission part was still dominating. This experiment is
shown in Fig.22. Even in this case the clear and easy to
understand pictures were obtainec.

In a third step front face coated glass slabs were used
in reflection. These experiments should be close to those
with the opague ceramic material, and should, in comparison
to the preceding tests, show the capability of the optical
method in reflection to make fracture visible.

Figs.23 and 24 show two experiments with front face
mirrored targets and pointed bullets but different impact
velocities. Wave and fracture phenomena can pe seen (for
data see Table 2, p.38). The observed waves seem to be
surface (Rayleigh) waves rather than transverse waves,
C . s © o An analysis given later in section 7.1 (p.76ff)
supports this assumption. Fracture events are less easy to
understand and evaluate than with the shadow optical method
in transition and this becomes worse with increasing impact
velocity.

very fast blunt bullets were used with the experiments
of Figs.25 and 26. The target of Fig.25 was not coated with
an aluminum layer, neither at the front ner at the back
face. The target of Fig.26 was front face cnated (for data
see Tabie 3, p.38). The waves seen in both figures have
been identified to be 1longitudinal waves. It 1is8 more
difficult to identify cracks in these two figures. Deciding

between waves, cracks, and a tilted or otherwise disturbed

surface is not possible if only a black area can be seen.
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Fig.22

5528

Glass slab impacted by & pointed bullet (748 m/8);
observation in reflection; unmirrored surfaces
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5557

Fig.23 Glass slab impacted by a pointed bullet (484 m/s);
observation in reflection; front surface coated

with aluminum
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5500

Fig.24 Glass slab impacted by a pointed bullet (655 m/s);
observation in reflection; front surface coated

with aluminum
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Fig.25 Glass slab impacted by a blunt bullet (1076 m/s);
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Fig.26

5332

blunt bullet (1025 m/s);

Glass slab impacted by &
t surface coated

observation in reflection; fron
with aluminum
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shot Ve z | c | c... v, vy f-r| remarks
# m/s m |mm/us|{mm/us|(mm/us{mm/us| us
5519"| 368 | 0.75] - - - - | 2 |uncoatae
5520* 411 0.78 - - - - 2 [uncoated
5557 484 0.75 - 3.0 - i.66| 2
5564’ 599 | o - - - - | 2 |uncoated
5527 611 0 - - 1.46 ~ 4/2|uncoated
5566 655 0 - 3.0 - 1.82] 2
£§526 677 0.75 - 4.17 - 1.6 4 Juncoated
5585 698 0 - 3.15] 1.486 - 2 [uncoated
5528 749 0 - - 1.46 - 4/2luncoated
Table 2 Glass experiments; pointed projectiles
(x: Trigger failure, +: camera did ncot work)
shot Ve z, °, C.bs v, A f-r| remarks
# m/s m mm/us|mm/us|mm/ju8|mm/us] us
5569* 657 0 - - - - 2 [uncoated
5517 704 0.75] 5.86 - - 4.5 2 [mirror
5516 844 0 - - 1.46| 4,168 5 |tranam.
5532 1025 0.75| 5.88 - - 4,75 1
s529'| 1089 | 0.75| - - - - |4/2|uncoated
5531 1073 0.75| 65.86 - - 4.65| 2
6520 1078 0.75] 5.86 - - 4.46] 2 luncoated
Table 3 Glass experiments; blunt projectiles

(*x: Trigger failure, +:
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Ragults of all preexperiments with glass elabs are
collected in Table 2 for poirted and in Table 3 for blunt
projectiles. Listed are shot number, impact velocity Ve!
reference plane distance L longitudinal wave velocity C
\ observed wave velocity (very likely Rayleigh wave) c

oba’
velocity v_ of primary cracks, damags velocity vD if there

was one, picture separation time (ffaming rate) f-r, and

e —————

remarks.

In order to test the shadow optical method in reflection
the crack and damage velocities of Tables 2 and 3 are added
to the earlier results [3] in Fig. 27. The new data points
indicated by open squares fit quite well to the previous
ones. From this is concluded that the reflection method is
able to deliver correct results even if the evaluation of

the pictures is not always unproblematic.

6000 === cL:SUSOmfsr——— - = —F—=
m/s | Vp |

bitunt projectil
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i
e e L e — b~ oz 3L80mMIs — — e
7 !

30004 ¢ i -
|

/ /

/

2000+ 5 ’,X"j | ;
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100G } —
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Fig.27 Crack and damage velocities in glass ve. impact
velocity, solid curves from [3], new data: open

squares
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5. SPECIMEN PREPARATION

The applied photographic method requires the targets
being prepared in & suitable way. One of the large surfaces
must be plane and optically polished and exhibit a
sufficient reflactivity. Whether the natural reflectivity
is sufficient or not depends on the material. With alumina
it turned out to be necessary to coat the polished surface
with an aluminum layer. This was done by a common vacuum
evaporation technique after a careful cleaning procedure.

The material samples were delivered in the desired size,
about 100mm *x 100mm x 10mm, however, flatness and constancy
of thickness were not sufficient. Ali the samples had to be
ground using a diamond grinding-wheel or a precision
grinding machine.

The next working steap, tapping to remove the
grinding-scratches (boron carbide as an abrasive on a cast
iron wheel), turned out to be extremely time consuming
because it was difficult to maintain the flatness of
lapping wheel and sample to match the flatness of the
succeeding polishing wheel. The polishing procedure was
done by diamond powder (2-3um) in an alcohol-water solution
on a rotating tin-wheel. This method has the advantage of
not changing the degree of flatness of the wheel seriously
with time. It works, therefore, almost automatically. For
this reason the intermediate 1lapping step was mostly
omitted later on. However, the polishing time from the
state of grinding was quite large. Several hundred hours
(typically 400 hours) were necessary to obtain a

sufficiently smooth surface. With the availiable machine
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four samples can be prepared at the same time. Currently it
is planned to install an additional polishing machine which
uses a coarser diamond powder to reduce the working time by
a two step polishing procedure.

Unfortunately, some targets were not polished very well,
The surfaces ahéw scratches and polishing traces which
could hardly be seen by the naked eye. The gensitive shadow
optical method, however, makes them visible. Obviously, ths
quality of the polishing wheel decreased with time. To safe
time it was decided not to extend the polishing time or to
maintain the wheel from time to time since an improvement
of the specimen surfaces would not have improved the

quality of the data.
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6. EXPERIMENTAL RESULTS

6.1 Wave and Crack Propagation

Data and results of the experiments done with aluminaare
collected in Table 4 for pointed projectiles and in Table 5
for blunt projectiles. Listed are shot number, 1impact
velocity A distance of the reference plane zo. velocity
c of the 1longitudinal wave (was observed in two
experiments only), velocity coba of the observed wave
(which is very likely a surface wave, see section 7.2,
p.76).velocity v, of singie cracks and their number C (an f
in this column means that no single cracks but rather a
crack field were found), velocity v of a crack field if
there was one, picture separation time (framing rate) f-r,
and remarks.

A total of 16 experiments with alumina tiles has been
performed. With four experiments the trigger did not work.
This gave rise for efforts to improve the trigger design
which have been mentioned earlier in section 3.2. One
experiment, # 999, was designed to measure the pressure in
the wave. The target in this case was not polished and
evaporated and the photographical method not applied. It
turned out, however, that the performance of this
measurements would have required a separate series of
experiments and was, therefore, omitted. The photographs of
shot # 6560 could not be evaluated because all pictures
were overexposed by bright light generated by the impuct
event. Consequently, in these six experiments no optical

data could be collected.

The successful main experiments carried out with aiumina




shot v z c c v (o} v f-r|remarks
P o L obs c f

# m/s m |[mm/us|mm/us|mm/us mm/us| us

999 161 - - - - - - un”
coated

998 162 0.5 - 5.3 3.1 |3-4 - 1

897 239 0.14 §.8 3.4 1 - 1

5556 519 0.75 - 5.7 4.6 |4-6 - 2

ss56 | 611 |o0.75| - - - |- - | 2 inieser
failure

5567 687 0 - - .7 8 - 2

55654 774 0.75 - 5.4 4.9 6 - 2

5553 | 790 |o0.75| - - - | - - | 2 [trieser
failure

5558 1210 0.75 - 5.6 5.3 9 - 2

Table 4 Test data; pointed projectiles

shot v z c c v C v f-r|remarks

P (o] L obs c f

#* m/s m mm/Lis | mm/ps | mm/us mm/us| M8

1000 101 0.5 - 5.4 5.2 5 - 1

935 | 195 lo.14| - - - |- - | g trieser
failure

996 1e4 0.14110.2 - - 6-13| 8.3 1

5561 | ss7 |0.78| - - - |- - | 2 [trieser
fatture

5570 707 0.75 - - - f 8.5 2

5542 1062 0.75|10.47 - - f ) 2

_ _ _ impact
5660 1483 0.75 2 flash

Table 5 Test cdata; blunt projectiles
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tiles of the size 100 mm * 100 mm * 10 mm are describad 1in
the following. Each shot ‘s represented by the 8ix most
interesting high speed photographe out of the availacle 24
pictures. These are supplemented by a space-time diagram of
moving events takan from the pictures, i.e. of waves and
cracks. In these diagrams the time axis ia given in terme
of microseconds. The space axis is usually representing the
direction of projectile propagation, however, can also mean
the propagation direction of a moving crack tip (see for
example # 998 with curved crack propagation), in order to
determine its speed.

In all diagrams the 1longitudinal wave front (cL =
10.4mm/us) and the rarefaction wave reflected at the tile’'s
rear edge are plotted. This triangle is considered to be
one of the bordering frames outside of which the
stress-strain situation is less easy to understand because
of a complicated wave superposition situation, and effects
appear to be more complex than inside.

Symbols are consistently used in all these diagrams: (o)
characterizes the observed wave, (x) the crack tip

positions and {(*) means the extension of the black area.
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Fig.28 Alumina tile impacted by a pointed projectile
(162 m/8);
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Fig.29 Sspace-time diagram of # 998

Description # 998

Thie experiment shows the development of a damage zone
{black area, no details can be identified) at the impact
site, an emanating wave and after 4us four cracks leaving
the black area with a high velocity. These four cracks
reduce to three (8us after 1impact) and two (13us after
impact). In particular, one of these vanishing cracks can
be observed during this process. It becomes thinner and
finer and, obviously, closes. This crack does not grow
P anymore while this process takes place. The two outer
cracks propagate, instead, on a circular path to form a

shape 1ike a crab’s claw. The crack path is rough and fuzzy
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and there is a furcation tendency which 1leads to the
assumption that these cracks propagate with their terminal
velocity. Both cracks form a claw-like curvature by
developing the inner branches at the axpense of the outer
ones. This is the process when the large central part of
tiie target which can be seen in Fig.48a (recovered target,
p.67) is cut out. Two additional bright cracks appear at
about t6us after impact. They do not originate from the two
expanding cracks or from the black area, but rather occur
1ike spall fractures. Although they grow somewhat with
time, their speed is rather modest (see Fig.29).

The black area at the impact site remains mysterious in
most of the experiments. It is assumed that with high
impact velocities the material there is destroyed into very
fine debris. In some cases, however, for which this
experiment is an example, parts of the black area become
visible again for some time and show some details of the
surface. From this is concluded, that still 1larger parts
within the black area remain undestroyed and are tilted

only to reflect the light in another direction.
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Fig.30 Alumina tile impacted by a pointed projectile
(239 m/e);
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Fig.31 Space~time diagram of # 997

Description % 997

The impact conditions were the same as in the experiment
before, only the impact velocity was higher. The fracture
appearance photographed by the high speed camera 1is8 quite
different, thocugh. The black area expands with a Jlow
velocity almost circularly. 0Only one crack has been
produced which leaves the black area. Again, this one
propagates very fast, it becomas rough and bifurcates.
However, there is not a strong tendency to develop a curved

crack propagation as it was before.
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Fig.32

3530

Alumina tile impacted by a pointed projectile
(519 m/s);
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Fig.33 Space-time diagram of # 5556

Description # 5556

An extended and irregular shaped black area with parts
of it bordered by running cracks leads to the assumption
that only parts of the area may have been destroyed into
fine debris. Those parts being bordered by cracks may still
be intact fragments and appear black by tilt or bending.

Three cracks can be seen very early. The number of

cracks increases after some time by bifurcation.
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9567

£ig.34 Alumina tile impacted by a pointed projectile
(687 m/s);
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rig.356 Svpace-time diagram of # 65567

Description # 5567

This experiment sxhibits a slightly increased number of
cracks due to the faster impact velocity. The camera was
focused onto the target surface, waves cannot be seen
anymore, therefore. 8right glowing particles, perhaps from
the steel bullet, were moving all cver ths picture area
illuminating all 24 lenses a: the same time. The shape of
the black area is again jaggy and large, dark fragnents are

bordered by moving cracks.
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555¢

Fig.36 Alumina tile impacted by a pointed projectile
(774 m/s);

54

N AR it kit




too —— T T T T T T
LERSLY |
5 ) 4
w0 |- . 1
r-é| / ) D s
- ‘ \ =
= / vox
a0 )/ a N .
n) > -
q) L “/ B ’ \ -
Y] / > '\ " #*
C - e W
e 4(i , x *- L T
:Q i ’ o * 3 J
[®) - \
, 4 \
o |, » \ -
2 \
) . i l L | 1 l A l A \J i
(] 4 8 12 16 20 24
time [us)

Fig.37 Space-time diagram of # 5554

Description # 5554

This experiment is ve-y similar to the previous one. The
reference plane distance z, = 0.76 m makes waves visible
again. A central part of the bliack area is of particular
interest (see »icture at 22.5 us after impact). This part
being black up to about 20 us after impact becomes visible
again. The treces of two of the cracks can be seen within
this part. Howo?er, the trace of a third crack 1is not
visible, this means obviously that this one started outside

this part, perhaps from a circumfTeiantial crack.
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Fig.38 Alumina tile impacted by a pointed projectile
(121¢ m/8s);
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Fig.39 Space-time diagram of # 5558

Description # 5658

Within a few microseconds shortly after the impact event
the appearance of the expanding ~racks of this test ie very
similar to those of glass experiments. The front of tha
crack tips seems to be circular and suggests a common
terminal crack velocity, Later on a part of this front
separates from the crack tips and is identified to be a

wave preceding the cracks.
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1000

Fig.40 Alumina tile impactad ty a blunt projectile
(101 m/s);
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Fig.41 Space-time diagram of # 1000

Description # 1000

The number of generated cracks seems to increase by
bifurcation during the damage developing phase. This
experiment also gives hints that crack nucleation may occur
ahead of the original crack tips.

Waves are generatedd at the two uodges of the blunt
projectile (diam. 49 mm). Obviously, the coliision was not
very accurate. The contact at the upper edge occured about
0.75 ue earlier than the one at the 1lower edge (this
corresponds to a tilt of about 75 um with that impact

velocity). This follows from the different propagation

distances of the two waves.




Fig.42

Ajumina tile impacted by a blunt projectile
(194 m/s);
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Fig.43 Space~time diagram of # 996

Description # 986

With this experiment the collision area was also a large
one (diam. 49 mm). Due to the higher impact velocity the
damage avents in the target are much more complicated than
before. Striped patterns which move with almost
longitudinal wave speed may be caused by fractured material
right behind the first wave front. Later on the
well-defined border of a crack field develops with a very
hingh speed. Singie cracks canhot be resolved anymore.

Bright patterns occur in front of even the longitudinai
wave front. Light of an unknown eource seems tec be

reflectad into the camera.
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3570

Alumina tile impacted by a blunt projectile
(707 m/s);

Fig.44

62




I[)() T | T ] T : L) I L I T
HeeTn
L . p
S0 . ]
£ i 7 -
E o \
LJ 6(1 R "' "' _
()] . i \
(D - '/ \ 4
O /
C L ‘ —
@ 41) J
-~ ;
Q - ’ /! ¢ R -
0 .
N / 4. R N
20 - A » \\ 1
\
. ” \ 4
O L i L L L 1 A [ PR | i
Q 4 ] 12 16 20 z4
time Cus]

Fig.45 Space-time diagram of # 5570

Description # 5570

This qxperiment (contact area 13mm * 10mm) shows the two
fields, the fast expanding black area with irregular parts
and the well-defined crack field which expands almost
circular but less exactly as a crack field in glass would

do (see Fig.2t, for example).
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3542

Fig.48 Alumina tile impacted by & blunt projectile
(1062 m/s);
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Fig.47 Spece-time diagram of # 5542
Description # 5542
This experiment ditfers considerably from all previous
ones. The wave which can be observed is cbviously the

longitudinal wave front. Also the crack system appears to

propagat
than the
exhibits
show the

this has

e faster than others before, with only little less

longitudinal wave speed. Even the black area

a very high speed. Some pictures at the

movement of the projectile prior to the

been drawn also in the diagram of Fig.47.
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6.2 Target Recovery

It has been mentioned before (section 6.1) that most
fragnents of target ¢ 998 could be recovered and put
together. A photograph of this re-assembled target is shown
in Fig.48a and, for comparison, algso one of the pictures of
the high speed seiries, % 24, has been added in Fig.48b. 1In
this figure the fracture situation in the 23rd microsecond
after impact is shown (picture #1 equals time zero).
Obviously, this fracture occurence demonstrates the process
when the central part of the target was cut out by the
"crabs claw'-shaped ciracks. Fig.48b cshows the cracks being
fuzzy and it was expected to see rough fracture surfaces at
this -entral piece. The inspection, however, did not reveal
this. The crack surfaces are smooth 1ike all the others and
it must be concluded that many tiny side cracks were
produced which arrested soon and then closed again.

Most of the fragments are large and could be positioned
at their origin. This is different with those parts which
criginate from the impact region. These are smail and even
if they were found re-assembling was not possible. It
would, on the other hand, be of interest to recover Just
tinose parts of the target which could show the initiating
fracture situation, This happened, fortunately, in one
experiment, # 995 (one of those with a failing trigger).

The experiments # 996, # 996, and # 1000 were loaded by
Armco iron flyer plates. 49 mm diameter and 10 mm thick.
A1l of these flyer plates are recovered and show an
indentation at the impact site. This is a small slot with a
depth of 1 mm with the # 1000 target (vP = 101 m/8). The
two others, # 995 and # 996, show bigger siots, 3 mm deep,
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Fig.48a Recovered and re-assembled targat of # 998

Fig.48b Picture # 24 of the high speed series of # 998
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(vP = 195 m/8, for the dats see Table 5). Scon after impact
bending of the flyer plate occurs with the result that
parta of the breaking target at the impact site are fixed
te the iron plata by clamping. Thie ie schematically
damonstrated in Fig.492 and b. With the fiyer plate & 1000
an unbroken larger part of the target remainad in the slot.
The plate of # 996 broke 1in two parits and shows the
indentaticn very nicely but rno target parts were recovered.
Of most interest is # 995, Pictures of this plate are shown

in the following.

FLYER PLATE
e

] —

m‘LU | ;

Vp Vp | | l
b
| |
.
b
} |

TARGET ——+ {
o
BEFORE AFTER{ =
IMPACT L
i !
L__J
{a) (b)

Fig.49 Scheme of flyer plate experiment and ¢lamped

target fragments
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Figs.50 and 51 show this recoversd flyar piate in front
and up~gide view. An enlargement of the front view is &hown
in Fig.52 (already gold sputtered for the SEM) und a detail
of the fragmented ceramic 1in Fig.53, Scanning electron
microscope (SEM) pictures of the visible ceramic surface
(details of Fig.52) are presented in Figs.54 and 56.

The mechanism leading to this phenomenon seems to be as
follows. The ceramic material being much harder than the
iron penetrates the plate wich decreasing relocity and
finally stops. Even if this would happen with constart
velocity and subsequaent sudden arrest this penetration
process would last 15 us (vP = 260 um/us) . Within this
time the initially pr-duced fracture has complete v
developed. When the middle part of .he flyer plate reduces
velocity inertia causes the outer parta to furthar move and
bend the plate this way. This 1is the clamping process.
Friction and bending of the plate is alsco the reason for a
shear loading of the ceramic materiai at the contact area
since the outer parts of the slot move fasayr than the
inner ones. It was observed (# 1000) that the centre of the
slot can even move backwards and loose contact. This shear
loading seems to be responsible for a l1aminated or slaty
fracturing of the ceramic material as is shown in the
figures (e.g. Fig.53). The thickness of the layers ranges
between 0.1 and 1 mm.

The microgaphs with tLhe lower magnification (Fig.54)
show coarse and fine fragmented material, fragments from
the shear laoding. Ths micrographs with the larger
magnification, Fig.565, shov details of the 1loading. The

upper picture shows unbroken grains which may be an opened
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imperfection of the material but may also resuit from a ‘ow
valocity fracture event. The middle one shows & vei s flat
crack surface with cleuved grains which could be generated
by a fust crack bropagatior.. A spall-like seudden rise of
stress in a narrow distridutivn of high magnitude could
&80 be the reason of this phenomenon. Even mcre
complicated is the fracture configuration shown 1n the

lower picture. Thic exhibits a cubs corner formed by threo

flat surfaces showing grair. cleavege, too.
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Fig.50 Recovered flyer plate # 995, Armco iron, 49 mm

diameter, 10 mm thickness, front view

Fig.51 Recovered flyer plate # 995, Armco iron, 49 mm

diameter, 10 mm thick, enlarged up-side view
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Fig.52

e e -

Recovered flyer plate # 968, Armco iron, 49 mm

diameter, 10 mm thick, enlarged front view
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Fig.53 Recovered flyer plate # 995, Airmco iron, 49 mm
diameter, 10 mm thick, detail of Fig.52
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Fig.54

SEM micrographs of fractured aiumina (from Fig.52)
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Fig.56 SEM micrographs of fractured alumina (from Fig.52)
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* €. oe (mm/u8) €, ack (mm/us)
tong. trans./surf. single field

93 - 5.3%0.5 3.1%0.6 -
997 - 5.8%0.4 3.4%0.6 -
6556 - 5.710. 4.6%0.5 -
5567 - - 4.7%0.% -
555 - 5.410.4 4.9%0.5 -
555 - 5.6%0.4 5.310.6 -
100 - 5.4%0.5 5.2%0.8 -
996§ 10.210.8 - - 8.310.5
§57 - - - 8.5%0.8
5542F 10,47%0.06 - - 9.5%1.4

7. ANALYSIS OF WAVE AND FRACTURE PHENOMENA

7.1 Evaluation of wave Data

In some of the experiments waves can b: seen on the
photographs. The velocities of these waves f{and aiso of the
cracks) were determined by measuring the wave and crack tip
positions on the pictures (the picture number is correlated
to time). All velocity data evaluated from the pictures
(given also in Tables 4 and &, Chapter 6) are calculated
step by step from the change of the positions on the
pictures, As, and the time difference, At, between

subsequent pictures: v,L = Aai/Ati. From these the average

c = 5.5 mm/us

Table 6 Observed velocities
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value was culculated and the standard deviation s deter-
mined. These data are listed in Table 6. This scatter is
due to the small number of individual data ard the limited
accuracy of the position reading. TalLle 6 also shows the
crack velocity data which are analysed in Section 7.2,

In shot # 5542 the velocity of the wave is determined to
be 10.47mm/us. This is almost accurately the previously [8]
determined iongitudinal wave speed (cL = 10.44mm/us). With
this exception the valocities of all the waves were found
to be in the range of 5§ 23 to 5.8mm/us with a calculated
mean value of 6.5 mm/us. This is about one half of the
longitudinal wave speed. It is, therefore, to expect that
this wave represents either the transverse (shear) wave or
a surface (Rayleigh) wave.

This can be decided using the wellknown relations (sae
for example [9]) between the wave speeds ¢ &nd the

Poisson’s ratio v for an isotropic elastic body:

R 0.87 + 1.1

R , (33
[ 1 + 0w

T

T y o a (4)
c 2(1 - v)

L

cl C‘Y C.

— = — b — (5)
Cc C [+

L L T

with the indices R, T, and L synonymously for Rayleigh,
transverse, and longitudinal wave, respectively. These

equations are plotted in Figs.56a and b.
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Fig.56 Correlations between wave velocitias and Poisson's

ratio (

eqs. (3) to (5))
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In Table 7 Poisson’'s ratios are computed for the
observed wave velocities, ccbs. with the aid of eg98.3 to &
or Fig.49. The atbreviations T and R in rows 3 and 4
indicate that the Poisson's ratios given in thece rows ara
computed with the assumption of the observed wave being

either a transverse (T) or a Rayleigh (R) wave,.

c. ., = 5.4 5.5 5.6 5.7 5.8
obs  us

c . /¢ 0.5172[0.5268]0.5364|0.5460(0.5556
obs’ L

T, v = 0.317480.3079§ 0.2980/0.2876(0.2767
R, v = 0.2714)0.2570§ 0.2413|0.2242|0. 2056

Table 7 Evaluation of the observed waves

The results can be discussed in two different ways:

1. From data sheets it i8 known that the Poisson’'s
ratio of alumina does not vary very much and has the
magnitude

v = 0.22.
If this is assumed to be true it follows from Table 7 with
v = 0.2242 that ihe observed waves are Rayleigh waves and
exhibit a speed of about
c‘ = 5.7 mm/us.
With eq.(3) the corresponding shear wave velocity is
calculated tc be

c, = 6.2 mm/us.
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2. With the average value of the wave velocity

calculated in Table 86,

Eob' z 5.6 mm/us
a Poisgon’'s ratio of either

v = 0.3079 or v = 0.25670
is computed (third column in Table 7) depending on the
observed wave being either a transverse or a surface
(Rayleiyzh) wave, respectively. With the assumption that the
lower value is the more likely one (since it fits better to
the value v = 0.22 given in data sheets, and the upper
value, being almost 0.31, seems to be unrealistic high for
this material) it is again concluded that the observed wave
is a surface wave,
c = cn = 5.5 mm/us.

From this follows

c = 5.9 mm/us
being the corresponding velocity of the transverse wave.

This conclusion, the observed waves being Rayleigh
waves, is supported by the fact that surface waves deform
the reflecting surface and, consequently, deflect 1light
much more than longitudinal or even transverse waves would
do. This is well known from shadow optical investigations
with steel.

The wave velocity data given in Table 6 are plotted in
Fig.57 versus the impact velocity. The valocities of both
waves, the average value of Table 6 (5.5 mm/us) and the
Rayleigh wave based on v = 0.22 (5.7 mm/us), fit into the
w.de scatter band. For a decision which of the two values
is closer to the correct one the number of cata points 1is

ungufficiently small. An assumed dependence of material

80




parameters (v, €,...) on the dynamic loading conditions

which would cause a tendancy of the wave velocities cannot

be seen.
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Fig.57 Velocity of the cbserved waves vs. impact velocity

7.2 Evaluation of Crack Data

7.2.1 Crack velocities

Attention must be focused onto the black area. The
material at the impact site is assumed to bs at least in
parts comminuted into fine debris with particl'e sizes
between 1 and 10 um. A rough estimation (the tota! amount
of the debris volume and the ;so—value remained unknown)
resulted in a fracture area of the order of at least
10‘ cnf. For a crack which separates the target into two
pieces, on the other hand, an area of the order of 10 cuf
has to be generated. The energy required tc produce the

single crack is probably in the per cent region of that of
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the debris. From this follows that most of the input energy
is consumed for particle comminution and only a tiny
fraction remains for macroscopic fracturing processes.

This consideration should consequently be one guideline
for future investigations of energy absorption effects with
brittle behaving material 1like glass and ceramics. The
debris should be recovered and carefully analysed utilizing
the methods of particle comminution. This would 1lead to
results which possibly can explain details of the

absorption processes.

The evaluation of macroscopic fracture events
phct.graphed with the high speed camera, nevertheless,
leads also to interesting results. The crack velocities
given in Table 6 are determined in the s~me way as the wave
velocities. Again the standard deviations show mainly the
uncertai-*y of the position determination on the pictures.
These data are plotted in Fig.58 versus the impact
velocity, and from these curves it becomes evident that a
terminal crack velocity below any wave velocity does not
exist. The crack speed depends on the 1loading conditions.
It increases with increasing impact velocity. This is a new

and surprising finding of this work.

Fracture mechanics states that under uniaxial loading
conditions the crack speed can vary oniy up to a certain
limit. This "terminal crack velocity” was theoretically
determined by, e.g., Yoffe [11], Broberg [12], and Freund
[(13] to be equal to the Rayleigh wave velocity: vT = cl.
Experiments revealed this quantity to be of the order of
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half the Rayleigh wave velocity: vT N cR/2.

This has &lso been experienced with the glass
experiments [(3]. In no case a crack propagation speed was
measured which exceeded the terminal velocity of =2 1480m/s
known for this glass. In the coxperiments with a pointed
bullet impacting the glass target this is visualized by the
locus of all crack tips forming a circle.

with the alumina experiments circles which indivate the
same speed of the propagating cracks can alsc be seen in
some experiments. The determined velocity was a constant,
toe, however, a different ohe From experiment to
experiment, the maghitude obviously depending on the
loading conditions (pninted or Llunt projectile, impact
velocity).

With the glass experim2ants always a large number of
cracks were produced. This is also different with the
alumina experiments. At low impact velocities only a few
single cracks were generated. The numbsi of cracks seems to
increase with higher impact velocities. Crack fields as 1in
the glass experiments were observed with very high impact
veélocities. Counting the number of cracks on the pictures
was often guite difficult because of the crack appearance
being not always very clear and the number of cracks not
constart all the time. An attempt to collect these data in
a diagram is made in Fig.59. In agreement with Fig.58
averaging lines are drawn that way that the assumptions of
a constant and of an increasing number of cracks for

certain regions of the impact velocity are met,
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Fig.59 Number of cracks vs. impact velocity
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Instead of considering the impact velocity (and
according to eq.(2a) the generated pressure ¢) being
responsible for the wave and fracture phenomena observed on
the pictures it may be assumed that the energy transported
by the shock wave or a certain fraction of it causes the
damage of the target. In this case it would be more
instructive to plot the data versus this energy. An
approximate way to calculate the total wave energy i3 given
in the following.

The energy density or specific energy (energy per unit

volume) built up by & shock wave is given by
g = o g + ! v (8)
A z P !
with the first term being the potential and the second term
being the kinetic part [10]. The compression ¢ can

approximately be expressed by

£ = ) ()

and the state magnitudes aA and vA, pressure and particle
velocity, of the shocked material are given by egs.(2).
With this ftollows
L4y
3 = 5 ' =" (8)
(Z_+2) L
T P

In Table 8 some more data of the experiments, masses .'nP
and diameters DP of the projectiles, are reported. The
three last columns contain calculated results, the kinetic

energy of the projectile, EP, the compression of the

85



-y -

material in the wave, £, (eq.(7)), the initial pressure OA
(eq.(2)), and the specific wave energy in the target, 3%,
(eq.(8)). The diameter DP is put into brackets for the
pointed projectiles since it was not directly related to
the impact event.

With the reported experiments only the initial phase in
the order of 10 microseconds of the total loading and
fracturing event is investigated. It is, therefore, assumed
that the kinetic energy of the projectiles, EP, is not of
importance in most cases because of the projectile 1length
being too large for waves travelling back and forth in that
short time. This quantity is listed, though, in Table 8 for
completeness and shows instructively how it varies
throughout the experiments. However, there 1is no direct
correlation to the results.

Instructive is also the calculated compression £ within
the wave. For the pointed impacts the given numbers are
valid only at the contact site.

The initial pressure oA of the wave gensrated with the
impact and in the plane impact experiments maintained for a
few microseconds may be of importance for the production of
cracks, since with a reflexion at boundaries tensile forces
of the same absolute value can occur which then may exceed
the strengt~ thresholid.

The last column shows the specific energy of the wave
fiseld. This quantity is given in terms of MJ/nF (= J/cnﬁ)
and is used in the diagram of Figs.60 and 61.

It must be taken into account that in those experiments
with the projaectile being a pointed one (these 8ix

experiments are represented by the upper block in Table 8)
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the guantities ¢, oA, and &% are not constant in time
because of the geometric divergence of the wave. Also with
the plane impact the validity of the situation sketched by
eqs. (2) and (8) to (8) is limited to a few microseconds
enly. Finally, this theory is valid oniy for an elastic
halfspace which means all data are of Timited accuracy. The
diameters DP of the pointed projectile are not directly

involved in the 1impact event and, therefore, put into

parenthesis.
# v m D E £ log 3
P P P P A
m/s kg mm kJ 10" 2| GpPa | Mu/m®
998 162 0.133 (50) 1.75 8.2 3.4 ‘28
997 239 0.135 (50) 3.86 12.1 5.1 61
5556 519 0.050 (20) 6.73 26.3 tt.0 289
5567 687 0.050 (20) 11.80 34.8 14.5 507
5554 774 0.050 (20) 14.98 39.3 16.4 643
5558 1210 ©.050 (20) 36.60 61.4 25.8 1672
1000 101 0.258 49 1.32 5.1 2.1 11
998 194 0.217 49 4.27 9.8 4.1 40
5570 707 0.050 20 12.50 35.9 1.0 537
5542 1062 0.013 t2.7 7.33 53.9 22.5 1211

Table 8 stata and energy evaluation

In 1ig.60 the crack velocity data (Table 6) are plotted
versus the energy density data of Table 8. These data
points suggest straight lines fitting two regimes in each
of the two data casts (pointed and plane impact). These
regimes may be explained us follows (see also Fig.59, with

the numbers of cracks plotted versus the impact velocity):
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At the very beginning a stear increase indicates that
alil wave energy may be used by a few (1 to & 4}, originally
generated cracks only in order to gain speed. However,
there aiso exist limits which correspond to the fracture
mechanics terminal crack velouity. In contrary to what was
observed with glass experiments, these 1imits are not very
distinct and there are two, depending on the energy dsnsity
of the wave field. They begin with about 80X of the
correlated wave velocity indicated by a knee in the curve.
Wave velocities seem to be the ultimate 1limits, the
Rayleigh wave velocity for pointed impacts and the
longitudinal wave velocity for plane impacts. This is in
contradiction to fracture mechanics resultis where
experience shows that the crack speed never can approach a
wave velocity.

The energy consumption mechanism is assumed to change
with the knee of the two curves. Instead of augmenting the
crack speed significantly with increasing energy the number
of cracks seems to increase (see Fig.59). This is
demonstrated with the plane impact experiments. Only shots
# 1000 and # 996 have countable numbers of cracks, the two
others show what is called “field”. The situation is
ghifted somewhat with the pointed impacts. These all show
countabie numbers of cracks, but still their numter ceams
to increase with impact velocity, although a crack field
cannot not be found in any of these experiments.

Nucleation processds responsible for the high “"damage
velocities” with the glass experiments [3] were ailso
observed in some cases with the ceramic tarjets. However, a

contribution to the obgserved high crack velocities cannot
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be stated. The nucleation mechanism seems to be different
from the one in the glass tiles. An example is shot # 1000
(Fig.40). Within only one microsecond (picture # 13 to 14)
an entire crack field appears. This is8 not unlike the
spallation process with a certain threshold being exceeded

instantansously in a large field. Compared again with the
glass observations, a large number of crack nuclei, al?
exhibiting the same nucleation threshold, seems to be
activated at the same time, probably in a homogeneous
stress field, whereas the measured crack velocities seem to
be simple crack extension velocities, not influenced by

these nucleation effects.

7.2.2 Influence of impact are:

Figs.60 and 61 suggest that mainly two mechanisms
separated by the knee of the curve are responsiblie for the
fracture process. They also suggest that the product of the
two curves, VC(B) and the corresponding C(3) could result
in a straight line. This combination of the number of
cracks with the crack speed v delivers the rate of

generated crack area:

[ x x
A = [ g a
t

- = Csdwv, (9)

with sample thickness d = 9.5wm and time t neceseseary to
produce C cracks of the length a. A 1is the total crack
area. This procedure is sketched in Fig.62. The suggestion
is, therefore, that thse rate of crack area is proportional

to the available energy:

A = m=x» 3§, (10)
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This is documented 1in Table 9 for all experiments
together with the input duta, for the rate of fracture area
from eq.(9) and for the slope m from eq.(10). 1In those
cases where a range of crack numbers is given in Tables 4
and 5 two values have been calculated, one for the Ilower
and cne for the upper range value. The accuracy of the
determined rate of crack area is rather poor because of the
difficulty to tell a valid crack number C. Consagquently,
the calculated slope m 1is also unaccurate. However ,
tendencies can be observed with the slopa 1in comparison
with the impact area. The mean value of all pointed 1mpact
exper iments differs considerably from the one with a blunt
projectile, and even these blunt exper iments show different
values. In order to also involve those exper iments where
only & crack field could be seen an estimation was made on
the number of cracks from the pictures. All these
calculated slopes are ii1sted 'n Table 10. The resuit of ¢
998 has not been ncluded Iinto the pointed mean value since
this one is almost one order of magnitude larger than all

the other ones for an unknown reason. The results listed 1n
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# v 3 C v A m
P [
3 2 4
m/s MJ/m mm/us m /s m /MNs
998 162 28 3 3.1 88 3.t
998 4 3.1 118 4.2
997 239 61 1 3.4 32 0.52
5656 519 289 4 4.6 178 0.61
5656 6 4.6 262 0.91
5567 687 507 8 4.7 357 0.70
5554 774 643 6 4.9 279 0.43
5558 1210 1572 9 £.3 453 0.29
1000 101 11 5 5.2 247 22
996 194 40 6 8.3 473 12
996 13 8.3 1025 26
6570 707 6§37 f (30)| 8.5 2423 4.5
5542 1062 1211 f (60)| 9.5 4513 3.7
Table 9 Crack evaluation
pointed (998) m = 3.7
pointed m = 0,565 % 0.2
blunt 49mm m = 20¢t7
blunt 20mm (5570) m = 4.5
blunt 12.7mm (5542) m = 3.7
Table 10 Slopes
92
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Fig.63 Rate of fracture area vs. avaiiable energy

Tables 9 and 10 are illustrated in Fig.63. Although from
Fig. 62 it can be expected that the slope of eq.(10) may
change with the transition from one energy absorbing
mechanism to the other (dashed 1ines) this cannot be
verified by the experiments since their number 1is not
sufficient.

The step from the left to the right diagram 1in Fig.62
indicated by an arrow is described by eq.(9). The slopes lﬂ
of the straight lines in Fig.63 (see also Tables 9 and 10)
have been calculated by eq.(10). m is a constant if all
factors are constant and the ¥ field distribution being
homogeneous. If on the otheir hand m is found constant also
in a divergent ¥ field (pointed impact) also A, i.e. the

crack velocity v and/or the crack ~umber C, must decrease.
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within the time span investigated slowing down crack
speeds were not observed. In some cases a reduction of the
number of cracks could be seen (# 998 for example).
However, there are alsc examples wnere the number of cracks
seems to increase with time (e.g. # 1000). One mechanism of

this phenomenon seems to be bifurcation of cracks.

8. DISCUSSION AND CONCLUSIONS

It has been shown that the shadow optical method
successfully can be applied to investigate damage phenomena
in opaque materials. Considerable effeorts had to be
undertaken to prepare specimens in a suitable way for these
optical p&rposes. Methods have heen developed to grind,
lapp, and polish alumina tiles and even those out of harder
materials like titanium boride. With the aiumina samples it
turned out to be necessary to improve the reflectivity of
the polished surface by an evaporated aluminum layer. This
will not be required with titanium boride and other
electric conductive ceramics.

The accuracy of the interrupted 1light beam trigger could
be improved by a new electronic device and for cases wher
light beams fail a contact trigger was successfully
applied.

The very high wave velocities of ceramic materials do
not provide much time for the registration of events on the
relatively small area of the target. This was experienced
drastically with the Cranz-Schardin camera being capable

for a 1us minimum picture separation time only. A factor of
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two in the speed of the camera would have doubled the
evaluable number of pictures and improaved the accuracy of
the measured data. At the end of the contract program the
puls generator of the camera was rebuilt, therefore, to
make the camera faster. It was possible to 1increase the
speed of the camera by a factor of 5. The minimum time
distance between two pictures now is 0.2us.

Even though the reported experiments were run with the
“slow"” 1us camera remarkable results could be collected:

Onset and progress of the faiiure procass could be
visualized with both, the generation of macroscopic
fracture and the damage zone (black area) at the impact
site.

Even tiny details of crack formation and propagation
could be resolved. For example, it was observed with the
low velocity pointed impact experiments that cracks were
able to close and disappear again. From this is concluded
that plastic deformations must be of a microscopic scale.
Another observation is that on most of the high speed
pictures cracks look very rough, often 1like a brush. The
roughness seems to indicate that these cracks move with
their maximum speed. These rough crack surfaces, however,
could not be found anymore on the recovered parts. An
example is # 998, Fig.48b, shoving the fracturing situation
at the 23rd microsecond including fuzzy cracks. The
recovered parts of the sample being put together in Fig.48a
do not show this appearance anymcre. All these tiny cracks
must have closed again, but, nevertheless, must still be
there,

To the knowledge of the authors no material is known
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which does not exhibit a terminal c¢rack velocity in the
range of half the HRayleigh wave velocity. Surprisingly,
alumina does not show this in the presented experiments.
Without the background of the glass experiments the
conclusion would have been drawn that the special loading
method applied with this type of experiments causes this
strange behaviour and not the material. The glass "was able
to help itself"” in the same situation by forming what was
called "damage velocity” by the nucleation processes and to
maintain this way the terminal crack velocity of =& 1500m/s
for glasses which has been known since many decades. The
investigated ceramic material, however, does not behave
1ike any known material. A physical explanation has not yet
been found.

within the present contract energy absorption could be
correlated with macroscopic fracturing only. Two mechanisms
mainly could be distinguished, one in the 1low impact
velocity region with an increase in input snergy resulting
in growing crack speed but not in an augmenting crack
number. The other mechanism works in the nigh impact
vaelocity region showing just the opposite, with almost no
increase in the crack velocity but an increasing number of
cracks when the input energy grows.

In the upper region of impact velocities, however, the
larger amount of energy absorption is assumed to be
expended for particle comminution purposes. Future
investigations of energy consumption mechanisms will also

have to take into account comminution processes.
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11. APPENDIX
Ceramography of the Investigated Material

Material: Alumina, 98% A]zoa' as delivered

Type: CeramTec A 18 95, (HOECHST),

Color: white

Size: 100mm * 100mm * 10mm

Mass Density g: 3793kg/m3

Longitudinal Sound Velocity c.: 10 440m/s

Flexural Strength: 0.4 GPa (4-point 40/20mm) 4.5mm *x 3.5mn
Compressive Strength: 4 GPa

Elastic Modulus: 360 GPa

Hardness: 85 HRC 45

(a)
Fig.A1 Micrographs of the material after etching with 85%

100:1
HSPO‘, boiling
Grain size: (290 samples)

Length: 1.66 um (min), 27.25 um (max), 8.27 um (mean)
Width: 6.45 um (min), 17.56 um (max), 3.62 um (mean)
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Fig.A2

Fig.A3
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