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was coordinated by Dr. Stephan Bless. 
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Introduction 

To predict results of an explosion or impact, we need information about the 
mechanical properties of materials at high pressures, high strain rates and large strains. 
Experiments with plane shock waves provide an ability to study the mechanical properties of 
materials under high pressure and extremely high strain rates. For this purpose, well- 
developed experimental techniques and methods of analyzing the experimental data are at 
hand of investigators. Measurements of stress or particle velocity histories under shock-wave 
compression and unloading give information about the dynamic elastic limit, strain rate and 
way of loading-unloading process in stress-strain coordinates. However, the typical strain 
values are small in the plane shock waves and increase in the strain is usually connected with 
an inevitable pressure growth. Meanwhile, in the explosion and high-velocity impact 
problems, the strain reaches very large values and high pressure takes place usually only 
during a short wave phase of the process. It would be desirable to expand the possibilities of 
plane-wave experiments to larger deformations. 

New prospects in this regard can be reached by arrangement of the impact loading 
with cylindrical or spherical symmetry. An additional transverse deformation which is 
proportional to the radius increment will increase the total strain in this case. 

The objective of this work is the development of an experimental method to study 
the behavior of brittle materials at loading by divergent shock waves. Experimental and 
theoretical investigations during the last two decades of the response of hard, brittle material 
(ceramics, glasses and rocks) to shock-wave loading, impact and penetration show a 
significantly more complicated behavior in comparison with metals and polymers. 
Deformation of brittle materials is accompanied by failure. The post-failure material response 
may dominate the total resistance to deformation. A complete description of the inelastic 



behavior of brittle materials would contain strain-rate phenomena, post-failüre friction of the 
confined comminuted material, effects of dilatation and its influence on the compressibility 
and elastic modules. Consequently, models of inelastic behavior of brittle materials need to be 
rather sophisticated. Numerous parameters of material have to be determined empirically. For 
this, the stress-strain range has to be expanded beyond the regions accessible in conventional 
1-D strain and 1-D stress tests. 

Some preliminary measurements of spherical shock waves in alumina were performed 
by J.-Y. Tranchet (France) and a group from the Stanford Research Institute. The advantage 
of the spherical symmetry is an additional strain component. Also, experiments with 
spherical symmetry of detonation, which create a spherical shock wave in the sample, can be 
easily arranged. The disadvantage of this symmetry is fast decay of the spherical shock wave 
in the sample. To provide the peak stress above the elastic limit of ceramics, a relatively large 
explosive charge has to be used. But for small radii, stresses vary so rapidly with position 
and time that interpretation of data is difficult. On the other hand, for large radius of the 
explosive charge, a contribution of the spherical symmetry will be rather small. Experimental 
schemes with cylindrical symmetry suppose more freedom in varying the load parameters 
and look more promising. Nevertheless, until now cylindrical loading experiments were not 
involved in investigations of behavior of ceramics under dynamic loading. 

Material 

The samples for tests were cast AD-99.8 Alumina tubes from the Coors Ceramics 
Company. The tubes were 1.75" in the outside diameter, 1.5" in the inside diameter, and 4.0" 
long. The tubes were rather far from ideal cylinders: their diametrical deviations from a circle 
reached 0.6 mm. 

Measurements 

Two kinds of measurements were done in this work: fast photo-recording of the 
process with a streak camera and measurements of the velocity history. The streak camera 
was used to record a shape of detonation wave or of an impactor and thereby the quality of 
the load conditions was determined. The streak camera experiments will be described later. 

All our experiments were based on initiation of cylindrical detonation by electrical 
explosion of wires. Since this is accompanied by a very high level of electrical noise, we were 
not able to use any sensors which have to be placed near to the exploding wire. In this sense, 
the simplest way to provide measurements is to use a laser Doppler velocimeter. In our 
work, we used VIS AR in a standard configuration [1] with the velocity-per-fringe constant of 
305 or 80.8 m/sec. The laser beam of VISAR was directed along the assembly radius as it is 
shown in Figure 1. We measured the free surface velocity as well as the velocity history of 
interface with water or LiF window. 



a. 

s 

VISAR 

Figure 1. Scheme of recording of the free-surface velocity history or particle 
velocity history at the interface between the tube sample and LiF or water 
window. The cylindrical shock wave is created by detonation of an RDX 
charge initiated by an electrical explosion of a wire on the charge axis 

Computational Study of Experimental Arrangement 

1-D Lagiangian code EPIF2 was developed for computer simulation and analysis of 
expenmentadata. EPIF2 code uses a simple equation of state of the Mie-GruneisenType 
with the cold compression isentrope calculated through the Hugoniot of matter basing on 
coinciding 0f the Hugomots and isentrope in the pressure-particle velocity plane The 
Gruneisen parameter is assumed to be constant. 

nuwM ^e,elaStic-Plastic Properties of materials are described by the structural Marzing 
model which presents each elementary volume as a series of parallel elastic-viscous-plastic 
sub-elements [2 3] as shown in Figure 2a and b. This model reflects a micro-nonunifZit of 

bar Sub T 1S TTmy T110 deSCribe ^ BaUShinger effect at -peated-altemX loadmg. Sub-elements have equal elastic modules but different yield strength   Yk  and 
viscosity. The deviatoric stress in elementary volume is determined as: 

where Nis the amount of sub-elements, <Jk andg, are the stress in sub-element and the 
weight factor. 
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Figure 2. The structural multi-elements Marzing model (a) and its stress- 
strain diagram (b). 

The model includes strain hardening and strain softening of sub-elements: 

Yk =  Y0k+SkYk,pl,    Yk < Yk,max 

where Y0k is an incident yield stress of the sub-element, sk is a strain-hardening coefficient of 

the sub-element, Yk,Pi is a plastic strain in the sub-element, and Ykmax is an ultimate yield 

stress. Nonlinear viscosity of the materials is described by the Swegle-Grady relationship [4]: 

yp = A\x-YI2)\ 

Viscosity of sub-elements is calculated in proportion with yield stress. 
All calculations were done with N=2. The yield stress was reducing with development 

of the fracture. 
The code has been constructed to make a computer simulation of cylindrical shock 

waves created by the liner impact or by a cylindrical detonation wave. In the case of liner 
impact, initial conditions corresponded to distribution of particle velocity inside the liner as 
it=usurfrsurf/r, where rsurf, MW/ are the liner outside surface radius and velocity. In the case of 
the detonation wave, the central part of the cylinder assembly was filled with explosive 
products with a polytropic equation of state pV"=const= pc.j VCj ", where pc.j , VCj are 
the pressure and specific volume in the Chapman-Jouguet plane, and the exponent 12=11^ / 
{UQJ -1). The initial distributions of pressure, particle velocity and specific volume in the 



detonation products roughly corresponded to an approximate solution [5]" for the divergent 
cylindrical detonation wave. It was assumed that a central part of the gas cylinder, about half 
of its total radius, is under constant pressure and has a zero particle velocity. In the outer 
part of detonation products, there is a smooth pressure and particle velocity growth to the 
Chaprnan-Jouguet state. The initial particle velocity up(r) was related to the pressure 
through the sound velocity: 

2c(p)-Ud 

n-\ 
U   = — äet_ 

where the sound speed c = yjnpV . 

Shock-wave generators 

The experimental technique is based on generation of cylindrical divergent shock 
waves in the tube-like specimens. The axis-symmetrical shock load pulses were created by 
cylindrical detonation of an explosive charge placed inside the specimen or by impact of 
cylindrical liners. The liners also were launched by detonation. 

In the experiments performed, cylindrical shock waves were created by detonation of 
the high explosive (HE) which was powder-like RDX of 1.25 g/cm3 density. Arrangement of 
the cylindrical detonation wave is a key aspect of the technique. In our experiments, the 
cylindrical detonation wave was initiated by the electrical explosion of a wire placed along the 
HE charge axis. For this purpose a standard pulse high-voltage facility VU-19 was used. 
From discharge of a 0.1 ^capacity bank, this facility generates an electrical pulse of 60 kV 
voltage and ~1 usec duration. This electrical pulse was applied to a exploding copper wire 

100-120 mm long. The wire diameter was varied from 70 to 120 \i to find the optimum size 
for initiation of detonation. 

To use any facility for measurements as a shock-wave generator, we have to be sure of 
the shock front symmetry and we have to know the shock wave intensity. When the facility 
was worked out, the streak camera was used to record the detonation front or a shape of the 
liner launched by cylindrical detonation. Figure 3 shows a scheme of experiments where 
initiation of detonation and the detonation front shape were examined. The RDX charge with 
initiating wire was placed into a rectangular box made of PMMA plates. The streak camera, 
looking on the target through a narrow slit which is parallel to the wire, records luminosity of 
the detonation front when it arrives on the PMMA window. The image on the camera film, 
what we obtain as a result of the experiment, reflects the detonation front shape. 

The streak record demonstrates that the exploding wire 70 \i thick provides 
simultaneous initiating of detonation along at least 100 mm. The central cylindrical part -80 
mm long is large enough. As a result of the edge unloading effect, upper and lower sections of 
the detonation front come later. The tilt of the central cylindrical part of the detonation front 
does not exceed 0.3 u.sec. 
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Figure 3. Streak record of the detonation front. The RDX layer is 24 mm 
thick in total. 

Thus, the explosive facility with axial initiation of detonation by electrical explosion 
of a wire can be, in principle, accepted as a generator of cylindrical shock waves or as a 
launcher for cylindrical liners. In the case of application of detonation directly as a shock- 
wave generator, there can be a problem accurately identifying the load conditions since we do 
not know exactly the shock-to-detonation transition range and the contribution of the 
chemical spike of the detonation wave. In this sense, the liner should have some advantage as 
a shock-wave generator. 

On the next step, a lot of efforts have been spent to develop a launching facility for 
tube-like liners. Figure 4 shows the main scheme of the launching facility. 
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Figure 4. The scheme of first version of the launching facility. 

Dimensions of the facility were chosen trying to satisfy two contradictory conditions. 
The axial dimension of the liner has to provide one-dimensional flow with axial symmetry 
during whole time of measurements. The gap between the liner and the tube sample, which 
has to be placed concentrically around the liner, has to be large enough to provide acceleration 
of the liner by the detonation products and its unloading during the flight. On the other hand, 
the inside diameter has to be large enough also to provide a reproducible steady detonation 
wave and some minimum duration of the detonation pressure pulse. The liner wall thickness 
has to be large enough to provide the shock pulse duration for more than the wave 
reverberation time in the sample wall. Finally, we worked with liners of 28 to 30 mm in 
outside diameter, 21 to 24 mm in inside diameter and 100 mm long. 

The main problem was insulation of the high-voltage electrical discharge when we used 
the metal liner. To prevent a break-down between the electrical leads-in and liner, the former 
were placed into Teflon plugs with large outside surfaces. One of the plugs had several holes 
through which the liner was filled with the RDX powder. Necessary density and uniformity 
of the explosive charge was reached by means of vibration of the whole assembly. 

Quality of the launching facility was examined by recording the liner shape at the 
moment when collision with a tube target occurs. This was done using a streak camera by 
means of the flash-gap method. The scheme of experiments is presented in Figure 5. An 
assembly of PMMA plates with a gap between them was installed at a distance of 4 mm 
from the liner surface. The impact of the liner upon the PMMA plates caused adiabatic 
compression and heat luminosity of a gas inside the gap. The slit of the streak camera was 
oriented along the assembly axis. The streak record is an image of the luminosity 
displacement with time when the impact point is shifting along the assembly axis. Thus, the 
streak record shape reflects the shape of the impacting liner. To increase the luminosity, the 
gap was filled by argon. 



Figure 6 shows examples of the streak records in this series. The pictures 
demonstrate non-simultaneous impact of the flyers upon the plane target. This means the 
flyers do not keep their cylindrical shape during acceleration. 

^vPMMA plates 

Streak 
camera 

Figure 5. Experimental assembly for experiment with recording the shape of 
the liner. 
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Figure 6. Streak records of the impact of copper liners with a 21 mm inside 
diameter and a 28 mm outside diameter upon the PMMA assembly. 

Additional information on the launching conditions and state of the liner was obtained 
by recording the velocity of the liner surface. Figure 7 presents these measurements. The liner 
surface starts to move with low velocity that means there was not a normal detonation wave 



yet. General acceleration of the liner is accompanied with oscillations of the velocity which 
are a result of multiple reverberations of waves inside the liner wall. Velocity profiles are not 
entirely reproducible: besides different initial jumps, additional velocity jumps appear on 
different profiles in different time moments. More detailed examination has shown that a 
reason for these jumps is, obviously, electrical break-down between the exploding wire or 
leads-in and the metal liner. These accidental discharges destroy the cylindrical detonation 
wave and initiate additional longitudinal shock waves or detonation waves which propagate 
along the cylinder axis. Collision of such longitudinal waves produces a specific "bubble" on 
the liner surface, as indicated in Figure 6a. Passing through a focal spot of the VISAR, such 
longitudinal waves produce the jumps in the velocity profile. 
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Figure 7. Acceleration of copper tube liners by a cylindrical detonation wave. 

Figure 8 shows the results of attempts to record the profile of a stress wave created in 
the ceramic tube samples by this facility. Measurements were done with a water window. As 
a result of low quality of the impact conditions and high sound speed in the ceramic, the 
VISAR velocity profiles demonstrate abnormally large rise time and are certainly distorted. 
Thus the simple launching facility cannot be used in measurements as a generator of 
cylindrical shock waves. 
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Figure 8. Shock loading by cylindrical liner 

Since detonation initiated in a dielectric box has a cylindrical front of good quality, as 
seen in Figure 3, a reason for distortion of the liner can be only a break-down between the 
electrical leads-in and metal liner. The break-down takes part of the energy coming to the 
exploding wire and creates additional points of initiation of detonation. 

Generally speaking, the liner can be made of a dielectric material. We investigated this 
possibility using teflon tubes. Figure 9 presents the streak record of impact of the teflon liner 
upon the PMMA plate assembly after 4 mm of the flight distance. Indeed, the liner surface 
distortion is much less in this case. However, the strength of teflon is very small, therefore 
the spall fracture may occur during launching. Figure 10 shows the VISAR velocity profiles 
recorded in aluminum tube targets with a water window. Obviously, the teflon liners were 
failed by the detonation wave. 

time 

Figure 9. Teflon liner 21/28 mm diameter, wire 0.07 mm 
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Figure 10. Impact of the teflon liner upon Al target. Measurements with a 
water window. 

Thus, only metal liners can be used in similar facilities, but special efforts have to be 
undertaken to prevent the electrical break-down. Figure 11 shows a scheme of the next 
generation of launching facilities. In this facility, the inside surface of a metal liner was 
additionally insulated by a teflon or PMMA tube with a wall 1 mm thick. A way of possible 
discharge along the outside surface was essentially increased by means of additional dielectric 
disks. 

PMMA tiihe 

Figure 11. Scheme of the explosive launching facility with an insulated 
metal liner. 
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Figure 12 presents the streak camera records of impact of the stainless tube liner 
launched with this facility upon an assembly of PMMA plates. The additional insulation 
provides sufficiently good symmetry of impact. 

time 

Figure 12. Streak images of impact of copper (left) and stainless steel (right) 
liners with an outside diameter of 30 mm, inside diameter of 24 mm and a 
teflon insulator 1 mm thick upon the PMMA plates assembly. The exploding 
wire is 0.07 mm thick. 

Figure 13 presents results of these measurements of velocity of the liner surface for 
facilities with an insulating insert. The insulating insert removes a way of consumption of the 
energy of initiating pulse besides the exploding wire. Due to that, the shock-to-detonation 
transition range becomes shorter and the detonation wave is completely built in this case. As 
a result, there is higher peak shock pressure and pressure gradient inside the liner wall. 
Acceleration of the liners becomes more regular. A negative effect in this case is that spall 
fracture occurs in the liner. We tried to improve the state of the liner by using stainless steel 
instead of copper because spall strength of the stainless steel is higher than that of copper. 
We also have changed the teflon insert for the PMMA insert because the teflon has an 
intermediate dynamic impedance between detonation products and copper or steel and 
thereby an amplification should occur at transition from HE detonation to shock wave inside 
the liner. Spalling occurred in this case also, however, due to higher spall strength and a much 
more viscous fracture. The velocity of the spalled outside layer was less for steel than that 
for copper. As a result, a residual inner part of the liner during its acceleration by the 
explosion products overtook the spalled layer and produced a second velocity jump. We 
hope that, due to this collision, the liner can be re-consolidated and should be able to produce 
the same shock pulse at impact like a solid liner. 

12 
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Figure 13. Acceleration of copper and stainless steel tube liners by a 
cylindrical detonation wave with PMMA or teflon insulating inserts. 

Figure 14 shows the result of experiments which were performed with a goal to 
examine the state of the liner in the time moment of collision with a tube target. In this shot, a 
VISAR velocity profile of an aluminum tube was recorded through the water window. 
Experimental data are compared with the result of computer simulation. In principle, the 
quality of impact is reasonably good, but the duration of measured shock pulse is somewhat 
more than that in the calculated profile. This means that complete consolidation of the liner 
probably did not occur. We did not estimate reproducibility of the liner state and impact. 
Perhaps, disagreement in the stress pulse amplitude is a result of scatter in the launching 
conditions. On the other hand, it is necessary to consider in more detail the state of the liner 
in the impact moment. In calculations, we assumed that the liner is absolutely free in the 
impact moment. However, since it is an expanding tube, there have to be hoop stresses on the 
yield limit inside the liner. The response of such stressed material at impact has to be 
analyzed specifically. A state and contribution of the PMMA lye behind the liner are not 
quite clear either. 

Thus, after much effort we have to conclude that normal detonation waves produce 
irreversible damage to tube liners which make difficult an interpretation of experimental data 
obtained with such a facility. Nevertheless, after some calibration, such a facility can be used 
for measurements such as the shock-wave generators with cylindrical symmetry. 

13 
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Figure 14. Impact of the stainless steel liner upon the aluminum tube target. 
The liner is 24 mm in the incident inside diameter and 30 mm in outside 
diameter. The target is 42 mm in outside diameter and 37 mm in inside 
diameter. The velocity of the target surface is measured with a water window. 

Study of axis-symmetrical loading of AD998 ceramic tubes 

Figure 1 shows the scheme of experiments with measurements of the velocity history 
of the tube sample surface with cylindrical detonation as a shock-wave generator. 
Measurements were done with ceramic and PMMA tubes using water or LiF windows. The 
windows had to provide support for some finite pressure during the time of measurement. 
The shot with PMMA was done as a test shot with a goal to verify the load conditions. The 
PMMA tube had an inside diameter of 37 mm and an outside diameter of 43 mm. The 
AD998 ceramic tubes were 36.9±0.3 mm in inside diameter and 43.15+0.2 mm in outside 
diameter. 

The velocity histories of interfaces between the tube samples and water window are 
presented in Figure 15. Figure 16 compares velocity profiles obtained with water and LiF 
windows. For measurements, aluminum foil 7 (I thick was glued on the sample surface as a 
reflector for a laser beam from the VISAR. The rest of the surface of the tube samples was 
also closed by black paper to shield VISAR from luminosity of the detonation. The LiF 
window was made from a single crystal block. Unfortunately, we were not able to provide 
good quality VISAR interferograms in shots with LiF windows. 

Let us consider more detailed experiments with water windows. In the p-u plane, the 
Hugoniot of PMMA is disposed between the Chapman-Jouguet point and isentrope of the 

14 



detonation products which are above and the Hugoniot of water which is Below the PMMA 
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inside the PMMA wall almost are not visible in the velocity profile. Alumina has a much 
higher dynamic impedance. Oscillations in the velocity profile are the result of multiple wave 
reverberations inside the alumina wall between the water and detonation products Finally 
since the thickness of alumina is small in comparison with water and detonation products'' 
ayers thickness, the same particle velocity is established for the PMMA and alumina in the 

latter time. 
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Figure 15. Results of the VISAR measurements of velocity profiles of 
tube PMMA and AD998 samples with water window. 
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Figure 16. The particle velocity profiles for ceramic tubes at different 
window materials. 
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Since the amplitude of oscillations is less than the Hugoniot elastic limit, for an elastic- 
plastic body it is natural to expect that the oscillations period At should be determined by the 

longitudinal sound velocity Cf. At=h/ C/. Estimations show that measured period essentially 
exceeds this value and rather corresponds to the bulk sound velocity. 
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Figure 17. Comparison of measured and calculated velocity profiles of shock 
waves created in the PMMA and AD998 tube samples by cylindrical 
detonation. Measurements with water windows. 

In the Figure 17, measured velocity profiles are compared with the results of 
computer simulation. In the first step, the experiment with PMMA was simulated to make a 
reasonable estimation of the initial distribution of pressure and particle velocity in the 
detonation products. Since, as it was mentioned above, we used an approximation which did 
not account for the shock-to-detonation transition range and chemical spike of the steady 
detonation wave, we have not received a solution which would absolutely coincide with the 
experimental data. Nevertheless, as a first approximation, there is quite a reasonable 
agreement for the shot with PMMA. In the next step, a series of simulations has been 
performed for AD998 using the same initial state distribution of detonation products, which 
has been estimated from the shot with the PMMA tube. In this series, the same values of the 
incident yield stress in sub-elements of the Marzing model Yoi =5 GPa and Y02 =6 GPa 
were used, but the strain hardening (or softening) was varied. For the equation of state, 
properties of AD999 (density 3.948g/cm3, longitudinal sound velocity 10.85 km/sec and 
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Hugoniot in form of Us=7.97+l.27up) were used as a base. Comparison with the 
experimental profile shows that there is a good agreement in period of the velocity 
oscillations when almost complete softening occurs. On the other hand, the initial parts of 
the unloading wave coincide better when there is not essential softening. It seems the strain 
softening really takes place, but occurs at low pressure only. 

Other results of the computer simulation with softening are presented in Figures 18 
and 19 which show a phase trajectory of the changing state of a middle cylindrical layer of the 
ceramic tube sample during the whole cycle of impact loading and accumulation of a total 
plastic strain in this layer. Figure 19 demonstrates that the total plastic strain at axis- 
symmetrical shock loading is much more than that at plane shock loading. In our experiment, 
the plastic strain reached 15% during 2 jisec of loading by the detonation. 
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Figure 18. Trajectory of the changing state of a middle cylindrical layer of 
the ceramic tube sample. Results of computer simulation with large strain 
softening. 
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Figure 19. Accumulation of a total plastic strain in the middle cylindrical layer 
of a ceramic tube sample during 2.5 jxsec of cylindrical shock loading. 

Figure 20 shows the result of the impact experiment with an AD998 tube 
sample. Measurements were done with a water window; experiments with the LiF 
window, again, were not successful. Unlike similar shots with aluminum targets, there is 
a sloped top of the wave profile recorded. The pulse duration is determined by the 
impactor thickness and is not so sensitive to properties of the ceramic target. In Figure 
20, the measured profile is compared with results of computer simulation without and 
with softening. The results are not very sensitive to properties of the target material. 
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Figure 20. Measured and computed VISAR velocity profiles of the AD998 tube 
sample impacted by the stainless tube liner. Measurements with a water window. 

Conclusion 

The technique for experiments with the cylindrical shock loading of ceramic tube 
samples has been developed. In experiments, the shock loading of AD998 tubes was realized 
in two ways: by cylindrical detonation initiated by electrical explosion of wire and by impact 
of the stainless steel tube liner launched by the cylindrical detonation wave. The Lagrangian 
computer code for simulations of the shock-wave processes with axial symmetry has been 
developed and used for interpretation of experimental data. VISAR measurements of the 
velocity profiles have been carried out with water windows. Results do not correspond to the 
response of the elastic-plastic body and are the subject of forthcoming analysis. 
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