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Summary-It has been known for several years that glass is a relatively effective armor against 
shaped charge jets [ 11 even though its performance against conventional long-rod projectiles is 
mediocre. Some of the authors have earlier postulated that this effect is due at least in part to an 
increase of the Rt value at hypervelocity. This enhancement is due to the fact that in long-rod 
penetration of brittle materials, a failure wave is generated in front of the penetrator which pre- 
maturely damages the material; however, if the penetrator is supersonic relative to this failure 
velocity, penetration is always occurring in intact material. Consequently, the true strength of a 
brittle material is only measured in hypervelocity experiments. In order to avoid the uncertain- 
ties of analyzing shaped charge penetration data, we have conducted experiments with 
L/D = 10 W alloy rods (p = 17.2 g/cm3) against glass targets (p = 2.5 g/cm3) to unambiguously 
search for this effect. In low velocity experiments, the penetration was essentially hydrody- 
namic, while above 3.9 km/s, the Rt-Y value was on the order of 5.7 to 7.2 GPa. This substanti- 
ates the failure wave hypothesis. 0 1999 Elsevier Science Ltd. All rights reserved. 

INTRODUCTION 

Dynamic resistance to penetration, R,, is conventionally computed from the Alekseevski-Tate 
equation (see, for example, [2]). It has been noted that whereas R, for metals is several times the 
compressive strength, for brittle materials Rt is generally about equal to the compressive strength. 
Rt values for metals can be derived from cavity expansion analysis assuming elastic-plastic behav- 
ior (see, for example, [3]). R, values for brittle materials can also be computed from cavity expan- 
sion analysis, but it is necessary to make some assumptions about the properties of the fractured 
material ahead of the penetrator (see, for example, [4]). 

In order to understand the relationship between R, and the fundamental strength of brittle ma- 
terials, two different penetration modes should be distinguished, depending on whether the pene- 
tration velocity, U, is below or above the failure wave velocity, Vf, which can be crudely defined 
as the ultimate rate of propagation of brittle fracture. In general, Vf is assumed to range between 
the single crack propagation rate (lower limit) and the shear wave speed (upper limit). It should be 
noted, however, that precise measurements of single crack propagation rates are rare, and that 
sometimes fracture travels along with the shock front. 

Investigations of brittle materials performed at penetration velocities below Vr (impact veloci- 
ties up to about 2 km/s) show the penetration parameters to depend primarily on the fracture kinet- 
ics (for example [2,4]). These kinetics govern the target strength degradation in a zone ahead of 
the penetrating projectile and, consequently, the penetration resistance. The fracture kinetics, in 
turn, depend on the target and projectile geometry, impact pressure, and material properties. For 
this reason, no direct correlation between the impact behavior of brittle materials and their initial 
strength properties has been found at U < VP 
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For brittle materials at U > V,, the projectile interacts with an intact material, and impact behav- 
ior of brittle materials should thus be determined by initial strength properties rather than by the 
fracture kinetics [5]. This type of penetration is similar to indentation. A study performed at the 
Ioffe Physico-Technical Institute at U > Vf shows brittle materials to exhibit strength resistance to 
penetration comparable to their microhardness, i.e., about one order of magnitude higher than most 
hard metals and alloys [6]. 

The data in [5] for U > Vf were obtained in experiments using shaped charge jets. The jets ex- 
hibit a velocity gradient along the axis which is difficult to account for in calculations. As a rule, 
R, is estimated with an error of about 15-20%. One should also keep in mind a possible interaction 
of the jet with crater walls resulting in a reduction of the jet’s effective length which is considered 
by some authors to be responsible for the high ballistic performance of brittle materials against 
shaped charge jets. 

To obtain more reliable data of R, and demonstrate unambiguously the high-strength state of 
brittle materials at U > V, experiments using tungsten long-rod projectiles were performed against 
glass. Glass is a common armor material, and it is also often treated as a prototypical brittle solid. 
More importantly, sound speeds in glass are about half of those in ceramics allowing easier access 
to the supersonic penetration regime. Two sets of experiments were conducted: 

1. Penetration at velocities U < Vf to demonstrate the degradation of the strength of a brittle tar- 
get when the target material is cornminuted ahead of the penetrator. 

2. Penetration at velocities U > Vf to determine the true strength of the glass. It should be noted 
that eventually the target material ahead of the projectile undergoes failure due to the reflection of 
stress waves from side and rear surfaces. 

EXPERIMENTAL DESCRIPTION 

Experiments were performed at the Ioffe Physico-Technical Institute (IPTI) and the Institute for 
Advanced Technology (IAT). 

IPTI Techniques 

Ordnance velocity experiments were performed with a 15.5-mm diameter smooth-barrel pow- 
der gun. The targets were 50 x 50 x 100 mm soda-lime glass (pO = 2.5 g/cm3) blocks. The projec- 
tiles were 4 mm diameter, 40 mm long flat-ended cylinders machined from extruded tungsten alloy 
(W-Ni-Fe) with a density of 17.2 g/cm3. The projectiles were launched in a polyethylene sabot 
with its rear tightly pressed into an Al alloy holder. The sabot and the holder strike the target much 
later then the projectile tip and, thereby, cannot affect the penetration parameters of interest. For 
this reason, no stripper was used to separate the sabot fragments and the holder from the projectile. 

The velocimeter for this gun works without any mechanical contact with the projectile. A hol- 
low cylindrical nozzle with an inside diameter equal to the launch tube caliber is attached to the 
muzzle. The nozzle is made from high-strength nonmagnetic austenite steel and has two narrow 
half-spherical grooves spaced 50 mm apart embedded with inductive coils of 10-Q resistance. The 
low resistance of the coils and their grounded housing make the circuit very resistant to noise. Both 
coils are surrounded with magnetic fields generated by-two separate permanent magnets to localize 
the fields around the coils. Passage of a metallic projectile inside the nozzle causes the generation 
of two electric signals due to the distortion of the magnetic field by the ferromagnet as well as by 
eddy currents in the nonmagnetic metals. The time of passage of the projectile between the coils 
is measured by a digital counter with an error of 0.1 l.ts. Starting and stopping times are determined 
when the sign of a bipolar pulse changes, The error in the measured projectile velocity is less than 
2% within the 0.1-2.0 km/s velocity range. 
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The second coil of the velocimeter triggers four 400-kV flash X rays that image the projectile 
inside the target. The trigger pulse is applied to the trigger circuits of all four tubes simultaneously, 
but the firing of each tube is delayed by a different preset time. Also, the interframe times are in- 
dependently verified with an oscilloscope using an electron-optic converter. As an example, Fig. 1 
shows a set of flash X-ray pictures from Test 144 1. 

In addition, comparison experiments of penetration of Al projectiles into Al and glass targets 
were performed at hypervelocity. The study was performed at the Plasma-Gas Dynamics Labora- 
tory using a 30/13-mm two-stage light gas gun. The projectiles were 2 mm diameter, 23 mm long 
flat ended cylinders (mass of 0.23 g) machined from soft (HB = 0.97 GPa) Al alloy. The projectiles 
were launched in polyethylene sabots against two kinds of targets: a) 15.5 mm thick Al alloy plate 
backed with 25 mm thick block of the same material; and b) 15.5 mm thick glass plate (lateral di- 
mensions: 85 x 85 mm) backed with 25 mm thick Al alloy block. The backups served as witness 
targets in both cases. 

IAT Techniques 

Hypervelocity experiments with W-alloy projectiles were performed using the IAT light gas 
gun range, consisting of a 115/38-mm two-stage light gas gun, laser and X-ray projectile velocity 
measurements, and orthogonal 2-frame 450-kvV X rays of the target. The projectiles were of the 
same geometry and material as those used in experiments at ordnance velocities. The projectiles 
were launched in discarded sabots designed and manufactured by the IAT. The sabots were essen- 
tially friction-grip aluminum cones pushed by nylatron obturators. 

The targets were the same glass blocks used at IPTI. At the face side of the target a mylar make 
screen was set for triggering X-ray flashes. The gage was covered by a 3 mm thick Lexan plate. 
The time after impact was recorded from screen shorting (“zero time point”). 

At the rear side of the target, tungsten carbide prisms were glued. The prisms allowed precise 
definitions of the target rear face in the flash X-ray photographs. It is the target rear side that serves 
as a reference in analyzing the photographs. The target was mounted so that the rear face laid in 
the plane of the X-ray tubes. X-ray trigger times were measured by an oscilloscope; however, un- 
like the IPTI tests, flash times were not independently verified. 

As an example, Fig. 2 shows one of the flash X-ray pictures from Shot 286. Note that the prisms 
are not shown. 

Fig. 1. Typical radiographs obtained at IPTI for Fig. 2. Radiograph obtained at IAT from shot 
penetration into glass. Test 1441. 286 showing eroding rod in glass. 



998 E.L. Zilberbrand et al. /International Journal of Impact Engineering 23 (1999) 9951001 

THEORY 

The starting data obtained in the present study consist mainly of a relatively small number of 
measurements of the projectile position (projectile nose and tail coordinates) at various times after 
impact. In the present study, physical models for the penetration of brittle bodies by eroded pro- 
jectiles and projectile deceleration were fit to the data. Briefly, the concepts may be reduced to the 
following: 

1) As a first approximation, the penetration process may be described in terms of a modified 
hydrodynamic theory using the Alekseevsky-Tate equation 

p,U2/2 + R, = pp(U - V)2 12 + Y,, (1) 

where Y, is the yield strength of the projectile material. Although this equation was developed 
for steady penetration into a plastic target, it is also useful for describing penetration into brittle 
targets. R, values derived from this equation can show a variation of the strength with the interac- 
tion time (see, for example, [S]). 

2) The projectile deceleration may be described using the Taylor equation 

pp L dVldt = - Y,, (2) 

where L is the projectile length at a given time, t. However, for V > 3 km/s, it follows that the rod 
velocity decreases only by several tens of m/s, and consequently, the velocity of the projectile, in 
particular the velocity of the projectile tail, may be represented by a constant V with good accura- 

CY. 
3) There is also the kinematic equation for an eroding projectile 

AL/AP = (V - U)/ U (3) 

where AL is the projectile shortening and AP is the penetration depth increment. Then, the U/V 
ratio may be calculated from 

U/V = l/(1 + AL/AP). (4) 

4) It is assumed that U is initially given by the solution to the shock Hugoniot equations for W 
striking glass. 

RESULTS 

Ordnance Velocity Experiments at IPTI 

Eight tests were conducted at approximately 1.5 km/s. Fig. 3 shows calculated projectile nose 
and tail position versus time curves overlaid with data from three experiments. Fig. 4 shows cal- 
culated penetration and projectile tail velocities versus time curves. Variation of the penetration 
resistance, R, -Yp, with time after impact is presented in Fig. 5. 

In the U(t) curve, different portions may be distinguished. The first descending branch repre- 
sents a transition from the particle velocity, determined by shock adiabats of interacting bodies, to 
the penetration velocity, i.e., a transition from shock displacement of the interface to real penetra- 
tion. During this time interval, steady projectile flow is being established. A minimum penetration 
velocity is then observed. The penetration velocity then increases with time up to a nearly constant 
value, and it is reasonable to assume that the increase of the penetration velocity is related to grow- 
ing failure of the target with time that causes a progressive degradation of R,. This last portion of 
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the U(t) curve corresponds to steady-state penetration into a medium with negligible strength. In 
this way, a high-velocity penetration into a brittle target may be represented as a two-stage process: 
(a) low-velocity penetration with an increasing penetration velocity, and (b) penetration with a 
nearly constant velocity. 

The Rt-Y, versus time curve is shown for the times >3 us; before transition, the penetration re- 
sistance may not be computed using generally accepted analytical expressions. Rt falls off mono- 
tonically with time and remains effectively constant after a specific point of time. The lowest 
strength resistance is observed at the second (quasi-steady) penetration stage. It should be noted 
that R, does not drop down to zero, and this may be accounted for by friction between the particles 
of the cornminuted glass. The highest R, is calculated, as expected, during the first (low-velocity) 
penetration stage. It is reasonable to assume that it is this stage that plays a leading part in the high 
ballistic performance of ceramics at ordnance velocities. 

Fig. 3. Position-time cuwes of the Fig. 4. Fitted velocity-time cuwes Fig. 5. Variation of target strength 
nose and tail of the projectile from of the penetration front and pro- versus time as derived from the 
three of the eight IPTI shots. jectile tail for IPTI experiments. IPTI experiments. 

Hypervelocity Experiments at IPTI 

Four shots of Al projectiles into Al and glass targets were performed at 4.2 km/s. Under these 
conditions, an Al target will undergo hydrodynamic penetration, i.e., no strength effects with U = 
Vi/2 = 2.1 km/s. Taking into account the nearly identical densities of glass and Al, it can be as- 
sumed that the penetration depth in witness targets will be markedly less after piercing the glass 
plate if the glass exhibits a high R,. 

In the experiments, penetration depth in Al alloy witness targets was measured after piercing 
glass and Al alloy plates of the same thickness. The penetration depths in the backups after piercing 
Al plates were 10.8 and 10.5 mm (average total penetration = 26.2 mm). The penetration depths in 
the backups after piercing glass plates were 11.5 and 11.1 mm (average total 
penetration = 26.8 mm). The similar penetration depths found for Al alloy and glass target are 
strong evidence that impact behavior of both materials is the same under the test conditions. As- 
suming that Al alloy behaves hydrodynamically at Vi = 4.2 km/s, a conclusion may be made that 
the glass shows no high strength resistance to penetration and that Vr> 2.1 km/s which is consistent 
with observations of failure waves in glass bars [9]. 

Hypervelocity Experiments at IAT 

Four successful shots were conducted, listed in Table 1. Starting data derived from the flash X- 
ray study are the penetration depth and the instantaneous projectile length at corresponding points 
of time. Since the times of the flash X-ray pulses were not recorded independently, it was decided 
not to use the X-ray time data from the IAT experiment. Instead, the position of the rear of the pro- 
jectile was taken as a time mark. 
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For hydrodynamic penetration, U/V = 0.72. As can be seen from Table 1 for shots #281 and 
282, the difference of the experimental and calculated U/V ratios does not exceed 2%, i.e., it is 
within the limits of experimental error. This result is evidence that the penetration resistance is of 
purely inertial nature, i.e., the projectile interacts with comminuted glass showing no measurable 
strength. It means that the failure wave in glass propagates with a velocity exceeding the penetra- 
tion velocity. 

On the other hand, the U/V ratios for shots #286 and 349 are substantially less than that for pure- 
ly hydrodynamic penetration. These give R, values of about 7.7 to 9.2 GPa (taking Y, = 2 GPa) 
that are commensurate with the inertial penetration resistances, 1/2p,U2, of 8.6 to 9.4 GPa. It is 
reasonable to assume that the projectile travels ahead of the failure wave and interacts with intact 
glass resulting in a high R,. Thus, the data confirm existence of a penetration velocity above which 
brittle solids become more resistant to penetration due to high strength. In addition, the data are 
helpful to assess velocity of the failure wave in brittle solids under high velocity impact. 

Table 1: Hypervelocity Tests at IAT 

Parameter Shot #281 Shot #282 Shot #286 Shot #349 

Vi, km/s 3.29 3.12 4.13 3.91 

At=AP/U, ps 3.20 5.28 4.75 3.74 

At=AL/(V-U), ps 3.18 5.29 4.74 3.72 

At=APtailN, ps 3.19 5.41 4.75 3.73 

u, km/s 2.31 2.22 2.14 2.62 

UN 0.71 0.72 0.66 0.67 

DATA SUMMARY 

Experimental data for penetration into glass may be classified into two groups. 
1) Data obtained at penetration velocities below 2.4 km/s. The observations that the projectile 

consumption rate in Al and glass is the same, and that the ratio of U/V for WA projectiles pene- 
trating glass targets corresponds to the hydrodynamic prediction, are indicative of purely hydrody- 
namic phenomena in the glass. In other words, the penetration resistance is of an inertial nature 
and high-velocity strength effects may be neglected. Physically, it means that the projectile pene- 
trates into comminuted glass since the failure wave travels ahead of the projectile-target interface. 

2) Data obtained at penetration velocities above 2.6 km/s. In this regime, UN = 0.66 which is 
markedly less than the hydrodynamic U/V ratio. This gives an R, for the glass on the order of 8 to 
9 GPa. This agrees with that found in experiments with shaped charge jets [5 1. 

The gap between these two regimes allows an estimate of the failure wave velocity on the order 
of 2.4 to 2.6 km/s for soda-lime glass. This estimate is in line with data obtained in [9]. 

CONCLUSIONS 

Normal penetration may be represented as a two-stage process. The first stage involves pene- 
tration with aiow velocity that increases as the target material is being fractured. The resistance of 
brittle materials to penetration decreases with time and is determined by the fracture kinetics. The 
second stage consists of quasi-steady penetration into cornminuted material of very little strength, 
and the penetration is essentially hydrodynamic. A high value of the penetration resistance, 
R, = 5 GPa, exceeding inertial resistance, is observed during the first stage. It is this stage that is 
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responsible for the high ballistic performance of ceramics as armor materials. For glass, this nor- 
mal penetration sequence is observed at penetration velocities up to 2.4 km/s. 

At a higher impact velocity providing a penetration velocity over 2.6 km/s, a significant devia- 
tion of penetration parameters from the hydrodynamic predictions has been found. Under these 
conditions, the glass shows even greater resistance to penetration, R,, of about 8 to 9 GPa. This 
value is in good agreement with data obtained in experiments with shaped charge jets at Ioffe In- 
stitute [6]. The above result indicates that a projectile travels ahead of the failure wave in the target 
and interacts with intact material. Under these conditions, the strength resistance to penetration is 
determined by fundamental strength properties of the intact target material rather than by the frac- 
ture kinetics. 

The available data also enables an estimate of the failure wave velocity in soda-lime glass. It 
lies in the range 2.4 to 2.6 km/s. 
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