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Abstract

It is well established that confinement pressure inhibits comminution and fragment-flow during projectile penetration

of ceramics. Here, a high-pressure gas gun is used to investigate the role of confinement wave impedance on the failure

kinetics of ceramics during penetration. Tool-steel rods of fixed lengths and L=D ratios of 12, 16 and 24 impact and

penetrate unconfined borosilicate cylinders and those under pressure-free polycarbonate, aluminum and steel con-

finements. The cylinders are all of the same size with projectile–target diameter ratios lying between 12 and 24, and

projectile–target length ratio equal to 8. A stress wave controlling confinement is introduced to approximate an elastic

waveguide set-up. Penetration depths into the comminuted borosilicate and the corresponding fragment jet diameters

are measured between 168 and 1038 m/s impact velocities with high-speed photography and a witness plate. Expectedly,

target resistive pressure increases with confinement impedance but decreases with projectile diameter. However, cyl-

inders confined by steel are less resistive to penetration than those confined by aluminum. This anomalous behavior

suggests that comminution increases with dynamic compression and it may be related to densification and the failure

wave which occur in silica glasses above certain critical pressures. On this basis, comminution threshold conditions are

determined and found to depend strongly on the propagation of stress waves across the target–confinement interface.

These results are useful for material selection of impact/penetration-resistant structures with ceramic cores.
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1. Introduction

Comminution and fragment-flow are inhibited during projectile penetration of confined and pre-

compressed ceramics (Shockey et al., 1990; Anderson and Morris, 1992; Sherman, 1997; Sherman and
Ben-Shushan, 1998; Westerling et al., 2001). Particularly, confined fragments undergo Mohr–Coulomb flow

(Klopp and Shockey, 1991; Curran et al., 1993; Sundaram, 1998) thereby consuming more projectile energy

than they would in free-flow. These properties are useful for designing light-weight, impact and penetra-

tion-resistant structures with ceramic cores (Laible, 1980). In what follows, we introduce two definitions of

ceramic confinement:

• pressure confinement: a ceramic is confined by the same material by varying the amount of confinement

pressure or pre-compression,
• impedance confinement: a ceramic is under pressure-free confinement by different materials with different

wave impedances.

Since pressure confinement is well-understood, we are presently interested in how a brittle target under

an impedance confinement responds to projectile penetration. Specifically, we consider long-rod projectile

penetration into borosilicate cylinders confined by polycarbonate, aluminum and steel tubes. Our experi-

mental objectives are:

• projectiles have to remain rigid during penetration,

• borosilicate targets have to be comminuted,

• borosilicate targets are not to be perforated by the projectiles,

• it should be possible to monitor penetration and fragment-flow during testing.

The first requirement allows one to neglect the role of projectile erosion that is typical during pene-

tration of confined ceramics. The second requirement is ideal for borosilicate because its fracture toughness

is low as compared to that of ceramics. The third requirement is met by choosing borosilicate to have a
diameter 12 times that of the thickest projectile, and a length eight times the fixed length of the projectiles.

The fourth objective is achieved by using projectiles whose length-over-diameter (L=D) ratios range be-

tween 12 and 24.

Subject to the above objectives, we perform tests for a range of impact velocities from 168 to 1038 m/s

and measure the ejecta diameter and the corresponding penetration depth into the comminuted boro-

silicate. We then define and determine conditions for comminution in borosilicate and evaluate resis-

tive pressures for each confinement condition. Finally, we discuss the anomalous observation for

aluminum-confined borosilicate and qualitatively explain the absence of projectile erosion in the ex-
periments.
2. Experimental procedure

The schematic of Fig. 1 shows a high-pressure gas gun propelling a sabot carrying a long-rod projectile

to impact and penetrate a confined borosilicate target. The projectile intersects two laser beams along its

path. The beams are used to measure the impact velocity and to trigger the high-speed camera which to-

gether with the witness plate monitors penetration and fragment-flow. Based on the set-up in Fig. 1, the

depth of penetration into comminuted borosilicate and the corresponding fragment jet diameter are

measured.



Fig. 1. A schematic of the experimental set-up used to investigate long-rod projectile penetration into borosilicate targets under im-

pedance confinement. A high-pressure gas gun launches the rod projectile, while the penetration and fragment-flow event is monitored

with a high-speed camera and a witness plate.
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2.1. Material and specimen characterization

2.1.1. Projectile characteristics

High-speed tool steel (T11302-M2) rods manufactured by Allegheny Ludlum, Pittsburgh, PA, with the

following alloy composition: 5.65% W, 4.65% Mo, 4.15% Cr, 1.80% V and 0.82% C are used as projectiles.

Tool steel is chosen for its high fracture toughness and hardness. This enables it to resist projectile erosion

over a wide impact velocity range. Table 1 lists some of its properties. It has a nominal density of

qp � 8:14� 103 kg/m3. Its fracture toughness Kp
IC lies between 100 and 154 MPam1=2. It has a quasi-static

compressive strength of rp � 3:2 GPa, and it is heat-treated to a Rockwell hardness of 62–64 (C Scale).

Projectiles are L�
p ¼ 38 mm long (star denotes fixed length). Three different diameters are used: Dp ¼ 1:6,

2.4, 3.2 mm with ratios L�
p=Dp ¼ 24, 16 and 12, respectively.
2.1.2. Target characteristics

Borosilicate glass manufactured by Schott Glaswerke, Mainz, Germany, with the following chemical

composition: 80% SiO2, 13% B2O3, 4% Na2O, 2% Al2O3, 0.5% K2O is used as the target. Its elastic con-
stants are also listed in Table 1. It has a nominal density of qt � 2:23� 103 kg/m3, with longitudinal Z l

t and

shear Zs
t wave impedances of 13.6 and 8.3 · 103 kg s/m2, respectively. Its fracture toughness of K t

IC �
0:8 MPam1=2 is less than a quarter that of alumina (3–6 MPam1=2), while its compressive strength rt is only



Table 1

Mechanical properties of tool steel projectile and borosilicate target

Tool-steel projectile Borosilicate target

Density (g/cm3) 8.1 2.2

Young�s modulus (GPa) 204 74

Elastic Poisson�s ratio 0.3 0.2

Longitudinal wave speed (km/s) 5.8 6.1

Shear wave speed (km/s) 3.1 3.7

Longitudinal wave impedance (106 kg s/m2) 47.2 13.6

Shear wave impedance (106 kg s/m2) 25.2 8.3

Fracture toughness (MPam1=2) 100–154 0.8

Compressive strength (GPa) 3.2 1.2

Rockwell hardness (C Scale) 62–64 48
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1.2 GPa. The cylinders are L�
t ¼ 305 mm long with a diameter of D�

t ¼ 38 mm. These dimensions are large
enough to avoid target perforation.
2.1.3. Confinement characteristics

Table 2 shows that the confinements are made up of materials with distinctly different wave impedances:

• mild steel (AISI 1020): with impedances about three times those of borosilicate,

• aluminum alloy (6061-T651): with impedances matching those of borosilicate,

• polycarbonate (LEXAN): with impedances about one-fifth those of borosilicate.

The schematic of the confinement is shown in Fig. 2. It consists of two half-sections with surface cor-

rugations that act as obstacles to the transmitted stress waves at the confinement surface to prevent them
from reloading the target (Kolsky, 1963). Although this design is unique for penetration, the concept has

been used before for plate impact tests (Raiser et al., 1994). The present shape is favored because it is

convenient for the design of specimen holders.

The confinement covers a cross-sectional area of 76 mm · 76 mm. The combination of a long target and

a large confinement with surface corrugations makes the target ‘‘unbounded’’ in terms of stress waves. This

allows stress waves to undergo successive transmission and reflection at the target–confinement interface, a

behavior typical of an elastic waveguide (Graff, 1993). Finally, a thin layer of vacuum grease is applied on

the surface of the cylinders to ensure a pressure-free confinement. Fig. 3 shows a photograph of borosilicate
target, confinements, projectiles and sabots.
Table 2

Elastic wave properties of confinement materials

Confinement material Density

(g/cm3)

Longitudinal wave

speed (km/s)

Shear wave

speed (km/s)

Longitudinal wave im-

pedance (106 kg s/m2)

Shear wave impedance

(106 kg s/m2)

Steel AISI 1020 7.8 5.9 3.2 46.0 25.0

Aluminum 6061-T651 2.7 6.2 3.1 16.7 8.4

Polycarbonate LEXAN 1.2 2.1 0.9 2.5 1.1

Borosilicate 2.2 6.1 3.7 13.6 8.3

The properties of borosilicate are also presented as a reference.



Fig. 2. A schematic of a confined borosilicate cylinder. The confinement has corrugations that act as obstacles to the incident stress

waves at the confinement surface thereby preventing them from traveling back to reload the target. This set-up approximates an elastic

waveguide in axi-symmetric configuration.
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2.2. Measurement of experimental variables

2.2.1. Measurement of projectile impact velocity

The high-pressure gas gun shown in the schematic of Fig. 1 has a bore of diameter 12.7 mm. It
launches long-rod projectiles via 19 mm long polycarbonate sabots. The sabots strike a steel anvil with

a hole small enough to stop the sabots but to allow the rods to go through (Field et al., 1994). The

projectiles then intersect two laser beams of 514 nm wavelengths (beam 1 and beam 2 in Fig. 1).

The laser beams are provided by an argon ion laser (Coherent, Innova 300, Innova Electronics Inc.,

Houston, TX) and are collected by two photodetectors (350 MHz, Model DET 200, Thorlabs, Inc.,

North Newton, NJ). The impact velocity Vp is calculated by dividing the distance between the two

laser beams by the time elapsed during the interception of the two beams. This time duration is



Fig. 3. A photograph of polycarbonate (1), steel (2), and aluminum (3) confinements; borosilicate target (4); the 3.2 mm diameter (5),

2.4 mm diameter (6), and 1.6 mm diameter (7) projectiles; and polycarbonate sabots (8–10).
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recorded at a digital oscilloscope (1 GHz, LeCroy, Model 9374, LeCroy Corporation, Chestnut

Ridge, NY).

2.2.2. Measurement of penetration depth into comminuted borosilicate

The long-rods are recovered intact after penetrating the borosilicate cylinders at impact velocities below

1038 m/s. Penetration depth is measured as the distance the projectile travels into the comminuted boro-

silicate. Thus, this measurement should not be confused with the depth of penetration (DOP), which is

measured on the metallic backing plate after ceramic perforation (see Zukas, 1990). To emphasize this
difference, we denote the current measurement of penetration depth by Pp instead of DOP.

Shallow penetration measurement: Shallow penetration is when the projectile does not remain trapped

inside the comminuted borosilicate target after penetration. Recall that the length of the projectile is de-

noted by L�
p. If the distance traveled by the projectile into the target relative to the impact plane is Lv, then

Pp ¼ L�
p � Lv. The rods typically leave visible indentations on a lowly comminuted borosilicate, from which

the length Lv is measured. High-speed photographs are also used to measure this distance.

Deep penetration measurement: Deep penetration is when the rod remains trapped inside an intensely

comminuted target. If the distance between the impact plane and the final position of the submerged tail of
the projectile is Ls, then Pp ¼ L�

p þ Ls. The distance Ls is measured directly after penetration.

2.2.3. Measurement of fragment jet diameter

The fragment jet which is formed when the projectile is penetrating the target is monitored with a high-

speed camera (Imacon 790, Hadland Photonics, Tring, UK). An inter-frame time of 40 ls is used. The

lighting for the high-speed photographs is provided by two flash lamps (Model U-2MF, Hadland

Photonics, Tring, UK) with a diffuser placed in front of them for uniform lighting. The high-speed camera

and the flash lamps are controlled by a pulse delay generator (Stanford Research Systems, Inc., 1 GHz, 50 X
Model DG 535, Stanford, CA), which is triggered when laser beam 2 in Fig. 1 is intersected by the rod. The

generator is set to appropriate delay times between 60 and 700 ls depending on the expected impact ve-

locity. Two different methods are used to measure the fragment jet.

High-speed photography measurement: Fig. 4 shows a fragment jet in a sequence of high-speed photo-

graphs during penetration of an unconfined borosilicate cylinder by a 2.4 mm diameter rod which had

impacted the cylinders at 236 m/s. The photographs show that the fragment jet diameter increases to a

constant value after some elapsed time (frames 6 to 7). The same observation is shown quantitatively with

high-speed photographs in Figs. 5 and 6 (Vp ¼ 360 m/s and Dp ¼ 2:4 mm, and Vp ¼ 250 m/s and Dp ¼ 3:2
mm for Figs. 5 and 6, respectively) for penetration into unconfined borosilicate. Note that for fragments



Fig. 4. A sequence of high-speed photographs showing the behavior of the fragment jet during penetration of unconfined borosilicate

impacted at 236 m/s by a projectile of 2.4 mm diameter. The time between photographic frames is 40 ls.
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ejected at a higher impact velocity, the fragment jet diameter at the ‘‘throat’’ still becomes saturated (Fig. 5).

Based on these observations, we define the saturated or final fragment jet as the diameter at the throat of

the jet Dj. In Figs. 5 and 6, Dj=Dp ¼ 10:8 mm=2:4 mm ¼ 4:5 and Dj=Dp ¼ 14:3 mm=3:2 mm ¼ 4:5,



Fig. 5. A sequence of high-speed photographs showing the saturation of the fragment jet diameter during penetration of an unconfined

borosilicate impacted at 360 m/s by a projectile of 2.4 mm diameter. The time between photographic frames is 40 ls. Note that

Dj=Dp ¼ 10:8 mm=2:4 mm � 4:5 for this example.
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respectively. Thus Dj=Dp is the same for the two cases. Note that the thicker projectile has the same Dj=Dp

as the thinner projectile, although the impact velocities are different. Thus, Dj=Dp depends on the impact
velocity.

Witness plate measurement: The witness plate is made up of a 1 mm lead sheet covered by a double-

sticker tape rigidly placed between the anvil and the target. The use of a witness plate to investigate

fragment flow is not new (Kipp and Grady, 1995). Fig. 7 shows the fragment jet diameter measurement on a

witness plate for penetration into polycarbonate-confined borosilicate. The loading condition for the ex-

ample in Fig. 7 is: Vp ¼ 280 m/s and Dp ¼ 3:2 mm. Based on this example, Dj=Dp ¼ 6:5 mm=3:2 mm ¼ 2.



Fig. 6. A sequence of high-speed photographs showing the saturation of the fragment jet diameter during penetration of an unconfined

borosilicate impacted at 250 m/s by a projectile of 3.2 mm diameter. The time between photographic frames is 40 ls. Note that

Dj=Dp ¼ 14:3 mm=3:2 mm � 4:5 for this example.
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Recall that Dj=Dp ¼ 4:5 for the unconfined borosilicate when Vp ¼ 250 m/s. Therefore, Dj=Dp is also sen-

sitive to confinement condition.
2.2.4. Final remarks on the measurement of experimental variables

Note that the fragment jet diameter is not equal to the crater diameter as it depends on fragment flow,
while the crater diameter depends on the degree of comminution. It is possible that some fragments on the



Fig. 7. A photograph of a recovered witness plate showing how it was used to measure the fragment jet diameter. This particular

example shows the resulting measurement of the ejecta diameter for polycarbonate-confined borosilicate impacted at 280 m/s by a

projectile of diameter 3.2 mm. Note that Dj=Dp ¼ 6:5 mm=3:2 mm � 2 for this example.
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comminuted target may remain stagnant during projectile penetration, so that the crater diameter is

generally larger than the fragment jet diameter. The more the impact velocity is increased, the more it

becomes increasingly difficult to measure the correct final penetration depth into unconfined comminuted

borosilicate. Thus, several layers of a bubble wrap (3/16 inch diameter bubbles) are wrapped around the

cylinders. Tight O-rings are fitted around the wrap before fitting the whole assembly into a metal tube of

appropriate size. This does not affect the measurements as the bubble wrap has negligible impedances and

acts as a free-surface.
3. Results and discussions

A series of tests are conducted on unconfined and confined borosilicate between 168 and 1038 m/s impact
velocities. The minimum velocity of 168 m/s denotes that comminution has occurred in unconfined boro-

silicate. In this study, projectile erosion is not acceptable (see Section 1). Note that the maximum velocity

before erosion occurs depends on projectile size and confinement condition (see Table 3): so that, it is 1038

m/s for 1.6 mm diameter projectile. The measured quantities are: final penetration depth (Pp) and final

fragment jet diameter (Dj). The controlled quantities are: impact velocity (Vp), dynamic confinement con-

dition (K) and projectile diameter (Dp). The fixed quantities are: projectile length (L�
p), borosilicate length

(L�
t ) and borosilicate diameter (D�

t ).
3.1. Raw data

Table 3 lists the average values of the measured quantities ðbPPp; bDDjÞ. The tests involving unconfined and
polycarbonate-confined borosilicate are repeated for a maximum of three times per loading condition.

However, tests involving aluminum-confined and steel-confined borosilicate are repeated more than three

times because of the counter-intuitive observation to be reported later. This is not by any means the best

statistical representation of the data, yet the standard deviations are always within 10% of the average

quantities. Penetration depth bPPp and fragment jet diameter bDD j as functions of projectile impact velocity Vp
are plotted in Figs. 8–10 and Figs. 11–13, respectively for each projectile diameter Dp. Important obser-

vations which can be deduced are:



Table 3

Average penetration depth and the corresponding average fragment jet diameters for projectile penetration into confined borosilicate

targets

Dp (mm) Vp (m/s) Unconfined boro-

silicate

Polycarbonate-con-

fined borosilicate

Aluminum-confined

borosilicate

Steel-confined boro-

silicatebPPp (mm) bDDj (mm) bPPp (mm) bDDj (mm) bPPp (mm) bDDj (mm) bPPp (mm) bDDj (mm)

3.2 168 – 3.4 – – – – – –

3.2 265 8.0 7.6 5.0 5.5 – 4.2 6.7 5.2

3.2 335 12.5 8.0 – – – – – –

3.2 375 16.0 10.0 11.4 8.0 8.0 6.0 10.3 7.4

3.2 410 19.0 11.5 – – – – – –

3.2 459 26.5 12.4 16.7 9.6 9.9 9.0 14.1 9.8

3.2 503 29.0 13.0 – – – – – –

3.2 530 32.8 13.8 20.5 12.8 12.4 11.2 17.9 12.2

3.2 556 35.0 15.0 – – – – – –

3.2 592 38.0 17.0 26.6 – 13.7 11.5 22.0 14.7

3.2 620 – – 28.9 15.8 – – 25.1 15.2

3.2 649 41.0 18.5 30.8 17.0 16.3 14.1 – –

3.2 701 49.0 19.5 – – 17.1 14.1 – –

3.2 749 – – – – 22.4 16.6 – –

3.2 795 – – – – 21.3 18.1 – –

3.2 838 – – – – 26.4 19.2 – –

2.4 188 – 3.0 – – – – – –

2.4 298 7.5 7.5 7.6 – – 4.5 6.1 5.5

2.4 377 11.5 10.5 – – – – – –

2.4 421 16.0 11.0 10.6 10.2 8.4 6.6 9.1 9.3

2.4 461 19.0 11.4 – – – – – –

2.4 516 22.0 12.8 14.8 11.6 9.9 8.6 12.2 10.5

2.4 565 26.0 13.0 – – – – – –

2.4 595 26.5 13.5 19.0 13.9 11.8 10.1 15.2 13.0

2.4 625 27.0 14.0 – – – – – –

2.4 666 31.5 16.0 25.1 15.0 15.6 12.0 18.1 14.5

2.4 729 36.0 17.1 – – 14.1 13.2 – –

2.4 788 39.5 18.3 – – 17.9 15.1 – –

2.4 842 – – – – 19.4 16.1 – –

2.4 893 – – – – 22.4 17.2 – –

2.4 941 – – – – 23.9 18.1 – –

1.6 328 9.0 4.5 – – – – – –

1.6 382 – – 5.7 – – 4.0 6.8 –

1.6 464 15.0 7.0 10.3 7.2 8.0 5.4 8.0 6.7

1.6 508 16.5 – – – – – – –

1.6 569 – – 14.1 8.3 9.1 7.0 11.0 7.8

1.6 600 20.0 8.4 – – – – – –

1.6 656 23.5 9.6 17.5 9.6 11.8 8.6 13.4 9.1

1.6 734 27.5 11.0 20.9 11.2 13.7 9.6 16.0 10.4

1.6 804 32.0 12.2 25.1 – 14.4 10.6 17.9 11.8

1.6 868 35.0 12.8 25.5 – 17.5 12.6 – –

1.6 928 – – – – 17.9 12.6 – –

1.6 985 – – – – 19.8 13.6 – –

1.6 1038 – – – – 23.2 15.0 – –
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• penetration depth and fragment jet diameter are highest for unconfined borosilicate and lowest for alu-

minum-confined borosilicate,

• penetration depth and fragment jet diameter increase with projectile diameter,

• penetration depth is higher for steel-confined borosilicate than for aluminum-confined borosilicate.
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3.2. Dimensional and least-squares analysis

The relations among the measured quantities ðbPPp; bDD jÞ and the experimental variables ðVp;Dp;KÞ are now
established using dimensional and least-squares analysis. We first introduce a dimensionless number (g),
which is the ratio of the original projectile kinetic energy density to the quasi-static cavity-expansion

pressure Rt. For a projectile of density qp striking the borosilicate target at velocity Vp, we have
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g ¼
qpV

2
p =2

Rt

¼
V 2
p

V 2
0

ð1Þ
where V0 ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffi
2Rt=qp

q
. This quantity, although it has units of L/T is not a measure of velocity! It is also not

defined for situations where projectile erosion occurs because the cross-section of the projectile–target
interface varies with penetration. Note that Rt should be distinguished from the dynamic cavity expansion
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Fig. 12. The role of impedance confinement on the fragment jet diameter for borosilicate impacted and penetrated by projectiles of

diameter 2.4 mm.
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diameter 1.6 mm.
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pressure which is a function of projectile velocity (Forrestal and Longcope, 1990; Satapathy and Bless,

1996). For quasi-static penetration into a compressible, elastic plastic, non-hardening material, Rt is given

by Bishop et al. (1945) as
Rt ¼
2

3
rt 1

�
þ ln

E
3rtð1� mtÞ

�
ð2Þ
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where rt is the compressive strength, Et is the Young�s modulus and mt is the plastic Poisson�s ratio of the

target. For borosilicate, these quantities are listed in Table 1: rt � 1:2 GPa, Et � 74 GPa and mt � 0:2.
Using these values, we get Rt � 3:4 GPa for borosilicate. The density of tool steel in Table 1 is

qp � 8:14� 103 kg/m3 so that V0 � 914 m/s. Based on the measurements, bPPp and bDDj depend on impact
velocity, projectile diameter and confinement. Then, in dimensionless form, we have
Table

Confin

silicate

Unc

Poly

Alum

Stee
ePPp ¼ u1ð
ffiffiffi
g

p
;KÞ ð3Þ

eDDj ¼ u2ð
ffiffiffi
g

p
;KÞ ð4Þ
where ePPp ¼ bPPp=Dp, eDDj ¼ bDDj=Dp. After least-squares analysis of the data in Table 3 with respect to
ffiffiffi
g

p
, we

find
 ePPp 
 n0ðKÞ þ n1ðKÞg ð5Þ

eDDj 
 a0ðKÞ þ a1ðKÞ
ffiffiffi
g

p ð6Þ
The values of n0ðKÞ, n1ðKÞ, a0ðKÞ and a1ðKÞ are listed in Table 4, while the variations of ePPp and eDD j with
ffiffiffi
g

p

are shown in Figs. 14 and 15, respectively.

3.3. Physical interpretation

In the present axi-symmetric test configuration; the stress waves propagate in the long borosilicate

cylinders the same way that they would in an elastic waveguide. This means that, mechanical waves un-

dergo successive reflection and transmission at the target–confinement interface as they travel through the
cylinder. Thus, the reflected waves alternate between tensile-shear and compressive-shear states inside the

target, while their amplitudes continue to decrease with time. The exact contributions of mechanical wave

impedances require a full-scale numerical simulation of the penetration event which is not the focus of the

present study. From simple considerations of the propagation of a longitudinal wave across a planar

target–confinement interface (Meyers, 1994) as well as that comminution in glass is a well-controlled co-

operative dynamic fracture process, one would expect steel-confined targets to be stronger than aluminum-

confined targets. However, our experimental results are contrary to this argument as aluminum-confined

targets turn out to be stronger than steel-confined targets. Although the use of conventional failure kinetics
of dynamic fracture is an easily-acceptable approach for low pressures, its main weakness for high pressures

is that it excludes the role of instability phenomena that are typical in silica glasses above certain critical

pressures.

Therefore, we introduce the concept of threshold conditions of comminution to compare the response of

borosilicate under different impedance confinement. We are assuming that comminution is an instability

directly related to densification and the generation of a failure wave in borosilicate. These two phenom-

ena are commonly observed in silica glasses above certain threshold pressures (for failure waves: see
4

ement-dependent parameters of penetration and fragment flow as determined from least-squares analysis for confined boro-

n0ðKÞ n1ðKÞ a0ðKÞ a1ðKÞ
onfined borosilicate 1.77 22.66 )0.25 8.87

carbonate-confined borosilicate 0.41 19.31 )1.08 9.78

inum-confined borosilicate 1.10 9.32 )1.55 9.01

l-confined borosilicate 1.24 13.16 )1.07 9.39
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Kanel et al., 1991; Brar et al., 1991; Clifton, 1993; Bourne et al., 1998, for densification: see Bridgman and

Simon, 1953; Sugiura and Yamadaya, 1992). But, we have no experimental evidence supporting this claim

or any other such evidence by other investigators; although the failure wave connection to ceramic pene-
tration has been made (see Zilberbrand et al., 1999; Satapathy et al., 1999).
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3.3.1. Threshold conditions of comminution

We assume that there exists an impact velocity V �
p above which borosilicate is comminuted and the

projectile will subsequently penetrate the target, thus creating a fragment jet. In other words, Dj is always

greater than Dp when fragments are being ejected from the comminuted target. We will refer to this velocity
as the threshold velocity of comminution, which is obtained from Eq. (6) by letting eDD j P 1, that is
Table

Thresh

Unc

Poly

Alum

Stee

The th
V �
p P V0

1� a0ðKÞ
a1ðKÞ

� �
ð7Þ
The dynamic compressive stress in the target associated with V �
p is referred to as the threshold stress of

comminution rt, which is given by
r�
t P qtctV

�
p ¼ qtctV0

1� a0ðKÞ
a1ðKÞ

� �
ð8Þ
Borosilicate has qt � 2:23� 103 kg/m3 and ct � 6:1 km/s, while a0ðKÞ and a1ðKÞ are listed in Table 4. The

values of V �
p and rt are calculated from the above two equations and then listed in Table 5. The threshold

velocity of 128 m/s is required to comminute unconfined borosilicate, while the threshold velocity of 259 m/s

is required to comminute aluminum-confined borosilicate. The failure wave in silica glass is observed at a
dynamic compressive stress of rf

t � 2:4 GPa (Brar et al., 1991). Therefore, we also list r�
t =r

f
t in Table 5. The

threshold stresses of comminution for different confinement situations are close to the failure wave stress.

However, the threshold stress of aluminum-confined borosilicate is exceptionally 1.5 times the failure wave

stress.

3.3.2. Average target resistive pressure

We define the average target resistive pressure bRR as the original energy available for penetration per unit

volume penetrated. Following the results of the previous section, we assume that the projectile will continue
to penetrate the target as long as its velocity drops below V �

p . This means that
bRR ¼ 1

Xp

ðqpApL�
pV

2
p � qpApL�

pV
�2
p Þ ð9Þ
where Xp ¼ PpAp is the volume penetrated, Ap is the cross-sectional area of the projectile. Note that this

definition of bRR implies that the projectile remains rigid during penetration, which is also consistent with our

experiments. Normalizing bRR by Rt, we get
bRR
Rt

¼
L�
p

Pp

V 2
p

Rt=qp

 
�

V �2
p

Rt=qp

!
¼

L�
p

Pp
ðg � g�Þ ð10Þ
where g� ¼ V �2
p =V 2

0 . Eliminating Pp in the above equation using Eq. (5), we get
bRR
Rt

¼
L�
p

Dp

g � g�

n0ðKÞ þ n1ðKÞg

� �
ð11Þ
5

old conditions of comminution for confined borosilicate

V �
p (m/s) r�

t (GPa) r�
t =r

f
t

onfined borosilicate 129 1.81 0.75

carbonate-confined borosilicate 194 2.73 1.14

inum-confined borosilicate 259 3.63 1.51

l-confined borosilicate 201 2.83 1.18

reshold stresses are referenced to the failure wave stress rf
t 
 2:4 GPa.
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Thus, the average target resistive pressure is a function of impact velocity, projectile diameter and con-

finement. Fig. 16 gives bRR as a function of
ffiffiffi
g

p
for confined borosilicate penetrated by a 1.6 mm diameter rod.

Fig. 17 gives bRR as a function of
ffiffiffi
g

p
for unconfined borosilicate penetrated by 1.6, 2.4 and 3.2 mm diameter

rods. These two representative plots show that the resistance is highest for aluminum-confined borosilicate

and lowest for unconfined-borosilicate, while it is highest for the thinnest rods and lowest for the thickest

rods.
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3.4. Counter-intuitive observation

Borosilicate confined by materials with increasingly higher wave impedances than it should have been

harder to penetrate because of dynamic re-compression applied by the reflected stress waves. Yet, those
cylinders which were confined by steel were less resistive to penetration than those confined by aluminum.

Conventionally, borosilicate, like ceramics, should fracture easily when subjected to tension-shear than

when under compression-shear. Thus, the observation that penetration depth is higher for steel-confined

borosilicate than for aluminum-confined borosilicate is anomalous because it implies that comminution is

more intense under increasing dynamic compression. In the previous section, we assumed that comminu-

tion in borosilicate is directly related to the failure wave and densification. Previous studies have shown that

comminution of glasses and ceramics increase with dynamic compression on the basis of these two phe-

nomena (Doyoyo, 2002). This theory is based on the assumption that comminution occurs behind a
propagating failure wave which is caused by a type of instability involving the roughening of a densification

interface. It is assumed that once densified, a region will tend to shrink, straining the interface between it

and the original solid. Strained interfaces are unstable and may roughen (Freund and Jonsdottir, 1993).

This event will cause tension and shear build-up behind the densification interface which will then com-

minute the material (Doyoyo, 2002). Although we are confident that this explanation of comminution is

correct because it is related directly to the phenomena that occur in silica glasses under high pressure, we

have to be cautious: Meaning that, the theory is as yet to be verified experimentally!

3.5. Absence of projectile erosion

All projectiles are recovered roughly intact below 1038 m/s. The occurrence of projectile erosion for a
given range of impact velocities depends on the projectile–target material combinations. Previous micro-

mechanical studies demonstrate the dynamics of fragment–projectile interactions which may cause erosion

(Shockey et al., 1990; Kipp and Grady, 1995; Curran et al., 1993). The confined fragmented zone has also

been investigated (Klopp and Shockey, 1991; Sundaram, 1998). Due to their acquired kinetic energy during

penetration, the fragments may erode the projectile by a process of frictional shear flow. Let us assume that

the frictional dissipation due to fragment-flow is given by Uf ¼
R

seff dc (Here, c is the shear strain and

seff ¼ sM–C þ sB is the effective shear stress). For fragments within the close vicinity of the projectile, erosion

would occur provided Uf PUwear. Here Uwear is the wear resistance of the projectile material. This quantity
may decrease with increasing temperature T because a large amount of heat is typically generated during an

impact event, thus Uwear ¼ UwearðT Þ. The quantity sM–C ¼ lp is the shear stress due to the Mohr–Coulomb

flow and p is the pressure, which depends on the confinement pressure pprecomp, confinement impedance K,
and ‘‘comminution-induced’’ pressure pinduced, thus p ¼ pðpprecomp;K; pinducedÞ. For the present case of im-

pedance confinement, pprecomp 
 0 or p ¼ pðK; pinducedÞ. Note that the reflected waves apply alternative states

of either compression-shear or tension-shear on the confined media that diminish as they propagate along a

waveguide type target. This means that the contribution of impedance confinement on the pressure may be

neglected, then p 
 pinduced. The comminution-induced pressure is generated by the tendency of the created
comminuted media to increase its volume in a tight confinement. This is because a random assembly of

granular constituents is freely-packed in a container with a volume fraction less than 1 (Bideau and Dodds,

1991). If such a media is forced to occupy a finite space, then a volumetric strain is generated. The presence

of a thin layer of vacuum grease makes the present confinement not intact so that this strain may be ig-

nored, or pinduced 
 0. This eliminates the Mohr–Coulomb contribution to frictional flow in the present

experiment altogether. The quantity sB � qfd
2
f _cc

2 is the rate-dependent shear stress (Bagnold, 1954) for free

fragment flow. Here, qf is the fragment density, df is the fragment diameter, and _cc is the shear strain rate.

The fragments may still be reduced further due to fragment–fragment collisions so that df ¼ dfðc; _ccÞ. The
fragment sizes df � 0:01–5 lm around the nose of the projectile for the current experiments, thus
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sB � 0:00002� 0:011 _cc2 which is less than 0.2–110 MPa for _cc < 105 s�1. Thus, conservatively, projectile

erosion can be prevented over a wide range of impact velocities in the present experimental set-up.

Numerical simulation can give deeper insight on this problem as there are too many variables involved for a

sufficient qualitative explanation.
4. Conclusions

Experimental results presented in this study reveal the important role played by confinement impedance

on the failure kinetics of ceramics subjected to impact loading. Thin long-rods impacted and penetrated

borosilicate cylinders confined by polycarbonate, aluminum and steel tubes between 168 and 1038 m/s

impact velocities. High-speed photography and a witness plate were used to monitor penetration. The rod
penetration depth into the comminuted borosilicate and the corresponding final fragment jet diameter were

measured for a given impact velocity, projectile diameter and confinement material. The variations of the

measured quantities were examined using dimensional and least-squares analysis. An explanation of the

behavior of the measured quantities was given by assuming that comminution in silica glass is a dynamic

instability associated with densification and the failure wave; yet the underlying mechanisms responsible for

it are still not known. Based on the concept of comminution instability, threshold conditions of commi-

nution of borosilicate and the target resistive pressures were defined and determined from the data. The

threshold comminution stresses of borosilicate were found to be of the order of the critical failure wave
stress but also depended on the confinement impedance. Penetration depth and fragment jet diameter in-

creased with confinement impedance and decreased with projectile diameter. Penetration depth into steel-

confined borosilicate was counter-intuitively higher than into aluminum-confined borosilicate.
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