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FOREWORD

Penetration mitigation techniques have been investigated for munition shield-

ing applications. These techniques include the use of conventional monolithic mate-

rials as well as various combinations of layered materials to mitigate bullet and/or

fragment impact hazards. The objectives of the work are twofold: (1) to conduct

experiments on a variety of material specimens and evaluate their relative shock and

penetration mitigating properties in a velocity range that yields performance

differences (2000 - 3100 ft/sec for the material thicknesses studied), and (2) compare

the results with respect to the types of target deformations and fractures.

Funding for this work was provided by the Navy Insensitive Munitions

Advanced Development (IMAD) Program (Project Element 63609N).

The authors would like to acknowledge D. Crisp and M. Vittoria for providing

the target materials that were developed by Battelle, and E. Rowe, Jr. for providing

the Kevlar composite material. Also acknowledged are R. Lowry and J. Clark for

helpful discussions concerning plate perforation damage and Dale Taylor for pro-

viding post-impact metallographic analysis for selected targets.
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ABSTRACT

A series of 14 impact experiments has been performed in which solid and

layered targets nominally 3 x 3-in. by 0.5-in. ":i~k have been impacted by 0.5-in.

steel cubes in a flat-faced orientation. The nu, ý,_ ,' arget layers varied from one to
five. The areal density of the targets ranged Jm 3.6 to 11.1 gm/cm 2 . Three

experiments were performed at an impact velocity ranging from 2000 to 2500 ft/sec

and eleven experiments were performed at a velocity of approximately 3100 ft/sec.

Target perforation did not occur in six of the higher velocity experiments For these

experiments, the number of target layers was either one or two. Target pernoration

occurred in five of the higher velocity experiments; the number of target layrc-s was

either three, four, or five for these experiments. Target failure consisted oi' one or

more of the following types: cratering, shear bands, shear plugging, fracture, plate

bending, petalling, and fiber breaking.

The impact resistance of a single flat-faced 1018 steel target was not signifi-

cantly improved by machining a series of parallel ribs on the impact face of a target

plate with the same areal density. These targets failed by a combination of shear

banding and bending fracture. The results for the two-layer target of 1018 steel and

Kevlar/epoxy composite showed that less steel fracture occurred when the composite

was placed on the back surface of the impacted steel layer rather than on front of it.

For the two-layer aluminum oxide-based cermet-304 stainless steel target, the brittle

cermet layer fragmented on cube impact, but only plate bulging and bending

occurred in the back surface steel layer.

Target perforation occurred in all of the three-, four-, and five-layer targets.

The three-layer 1018 steel target had less impact resistance than the steel single-

layer target with the same total thickness. In general, for the metal layered targets,

the impacted layer failed by shear plugging and the back surface layer failed by plate

bending, petalling, and fracture. Some permanent separation of the metal plates

occurred for all the metal-layered-target experiments.

iii/iv
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I. INTRODUCTION

This report describes the results of a series of impact experiments in which

selected solid and layered targets were impacted with 0.5 in. cubes that were sabot-

launched in a flat-faced orientation. The impact velocities ranged from 2000 to

3100 ft/sec. A sabot stripper was used to separate the sabot from the cube prior to

impacting the target plate.I

Figure 1 is a schematic of the Naval Surface Warfare Center Dahlgren Division

(NSWCDD) 40-mm smooth bore gas gun2 that was used for the experiments. Figure 2

is a schematic of the sabot stripper. A target is secured between the mounting and

clamp plates that attach to the stripper. The plates have concentric 2.234-in.-

diameter holes. The target assembly is offset 2.25-in. from the back of the steel anvil.

A sabot with an attached cube is loaded into the barrel, and a thin film mica vacuum

cover is attached to the gun muzzle. The breech pressure vessel is filled with either

helium or nitrogen gas to the desired pressure. The barrel is evacuated before firing

the gas gun. The gun is fired by actuating the fast-opening valve, and the gas

accelerates the sabot towards the gun muzzle. The sabot velocity is measured at the

muzzle with three charged pins in the side of the barrel. The sabot velocity can be

varied from 100 to 3200 ft/sec. After exiting the gas gun muzzle, the launched sabot

is stopped on impact by a series of replaceable aluminum and steel rubber-faced

plates, and the cube moves unhindered through a hole in the steel anvil to impact the

target plate. Figure 3 is an overview of the gas gun from the breech end.

The experimental procedure is presented in Section II. Section III contains the

results. The summary and conclusions are in Section IV. Appendix A contains

photographs of recovered target plates and cubes for each experiment.

I I
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TARGEI
VALVE MUZZLE POSITION

BREECH LAE BREL STEEL SABOT
PRESSURE DUCT STRIPPER

VESSEL RECOVERY ROOM

1- 6 FT 4..*2 FT 4 -26 FT-4 - - 1--4 FT-i----2 F T-J_

FIGURE 1. SCHEMATIC OF GAS GUN WITH SABOT STRIPPER

0.5 INCH CUBE

1/2-13 UNC SECURING
NUTS AND RODS

SABOT REPLACEABLE
RUBBER SHZET

SABOT ENTRANCE 1-8 UNC SECURING
PART NUTS AND RODS

SABOT
CONTAINMENT
PART TARGET CLAMP

REPLACEABLE 0PLATEALUMINUM PART o 3 INCH X 3 INCH
REPLACEABLE TARGET PLATE

STEEL PART0

STEEL ANVIL

TARGET

MOUNTING PLATE

1/2-13 UNC SECURING
NUTS AND RODS

FIGURE 2. SCHEMATIC OF SABOT STRIPPER WITH ATTACH-
ABLE SMALL TARGET ASSEMBLY
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FIGURE 3. OVERVIEW OF GAS GUN FROM BREECH END

II. EXPERIMENTAL PROCEDURE

A completed sabot with cube, vacuum cover, and 3x3-in. steel target plate are

shown in Figure 4. An empty sabot, with and without O-rings, weighs 86 and

84.4 gin, respectively. The sabot weight was reduced by machining round holes in the

impact face. The sabot has an 0.508-in.-square socket that is 0.130-in. deep for the

0.5-in. cube. A central threaded hole (10-24 UNC) in the base of the socket is filled

with fast-curing epoxy to secure the cube. The cube is centered in the socket by

placing 0.004-in.-thick mica strips between the four side surfaces of the cube and the

sides of the socket. The strips are removed after the epoxy has cured to provide a

centered cube that only contacts the sabot at the base of the socket. This helps to

ensure torque-free separation of the cube from the sabot. The 0.5-in. cubes were cut

from 1018 steel square rod with an average as-received width of 0.499 in. The

average machined cube length was 0.499 in. The cubes were mounted in the sabots so

that the machined flat surface of a cube impacted the target. The average cube mass

was 15.77 gm.

3
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FIGURE 4. COMPLETED SABOT WITH CUBE, FRANGIBLE
VACUUM COVER, AND STEEL TARGET PLATE

The vacuum cover permits evacuation of the gas gun barrel to prevent reduction

of the sabot velocity by air pressure in the barrel. The vacuum cover is fabricated

from a 1.8-in.-inside-diameter polycarbonate support ring and a frangible annulus of

0.004-in.-thick polyester film with a 1.000-in.-diameter center hole. The polyester

annulus is covered by a disk of 0.001-in.-thick aluminum foil. The polyester film

supports the aluminum foil against atmospheric pressure except in the center. The

cube only impacts the 0.001-in.-thick aluminum foil as the cube and sabot exit the

barrel.

Fourteen experiments were performed. Table 1 lists the material, thickness,

mass and percent of total mass for each target layer. The nominal target width

dimensions are 3 x 3-in. unless otherwise noted. The number of target layers varied

from one to five. Where possible, an attempt was made to have target masses near

that of a 1018 steel target with dimensions of 3 x 3-in. and 0.5-in.-thick (approxi-

mately 576 gm). Nine targets had a mass that varied from 568 to 599 gm. The four

targets that contained an aluminum layer had a target mass that varied from 206 to

474 gm, and the target that contained ceramic tile had a calculated mass of 634 gm.

4
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TABLE I. DETAILED DESCRIPTIONS OF TARGETS

Number Material, Thickness, Man. and Percent of Total Maw for Each Target Layerb

Experiment of .... ..

Numbers Target
Layers Layer I Layer 2 Layer 3 Layer 4 Layer 5

1 1 6061-T6 aluminum
0.516 in., 206 gm, 100%

2 1 Mild Steel, 0.518 in.,
599 gm, 100%.

3 1 1018ateel,0.495in.,
569 iPn. 100%

4 1 1018 steel, 0.495 in.,
570 gm, 100%

5 1 1018 steel, narrow
ribbed, 0.522 in.,
569 gpm, 100%

6 1 1018 steel, wide ribbed,
0.545 in., 568 gin, 100%

7 2 1018 steel. 0.416 in., Kevlar/epoxy
480 gin, 83, composite, 0.507 in.,

99 gm, 17%,

% 2 KevlarC/epoxy 101H steel, 0.417 in.,
composite, 0.507 in., 479 gim, 83%
99 gm, 17%

9 2 Aluminum oxide-based 304 stainles steel,
cermet, 0.366 in., 0.360 in., 376 gm,
211 gim, 36% 64%

10 3 1018 steel, 0.167 in., 1018 steel, 0.166 in., 1018 stool, 0.167 in.,
192 gm, 34% 192 gin, 33% 192 gin, 33%

11 3 Mildsteel,0.168in., 6061-Oaluminum, Mild st•l, 0.161 in.,
182 gm, 43%, 0.172 in., 6g5 im, l7igin,42%

15%

12 4 Ceramic tiled, 0.250 in., Tort-Seal epoxye, Ceramic tile, 1018 steel, 0.380 in.,
70gm,11% 0.039in., 11 gm, 2% 0.250in.,70gm, 11% 483ggm,76%

13 5 Mild steel, 0.175 in., Grade A titanium, 6061-0 aluminum, Grade A titanium, Mild steel, 0.143 in.,
185 gm, 44% 0.045 in., 27 gin, 6% 0.006 in., 32 gm, 8% 0.050 in., 31 gm, 7% 151 gn, 35%

14 5 Hadfield steel, 0.153 in., Grade A titanium, 6061-0 aluminum, Grade A titanium, Hadfield steel,
179 gr, 38% 0.051 in., 35 gm, 7% 0.07 in., 36 gm, 8% 0.051 in., 35 gin, 7% 0.161 in., 189 gm,

I40%

a The target layers are listed in the order in which they are impacted.
b Experiments I through 14 correspond to gas gun shots 459,460,468,469,489,492, 494,495,490,501,491,493,470, and 471, respectively.

The targets for experiments 9,11,13, and 14 were provided by Battelle.3

c Trademark of aromatic polyamide fiber manufactured by E. I. duPont de Nemours & Co., Wilmington, DE 19698.
d U275 Wall Tile, Part No. 22352, United States Ceramic Tile Co., East Sparta, OH 22352

'Varian Associates, Palo Alto, CA.

5
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The narrow-ribbed steel target plate for Experiment 5 contains 16 parallel ribs.

The semi-circular cross-section ribs are 0.125 in. wide and 0.0625 in. high with a

0.0625 in. space between them. This gives a solid target thickness of 0.460 in. out of a

total target thickness of 0.522 in. The wide-ribbed steel target plate for Experiment 6

contains nine ribs, The semi-circular cross-section ribs are 0.250 in. wide and 0.125

in. high with an 0.09375 in. space between them. This gives a solid target thickness

of 0.420 in. out of a total target thickness of 0.545 in. Hardman fast-setting epoxy

(several. thousandths inch thick layer) was used to bond the steel and ceramic tile

materials together for Experiments 7 and 8. The three steel layers for Experiment 11

were clamped together and not bonded with epoxy.

The completed targets for Experiments 9, 11, 13, and 14 were provided by

Battelle." The Battelle identification numbers are C5-4PM, 1174-3 x 3-2, 1173-3 x

3-3, and 1179-3 x 3-1 for tht nominally 3 x 3-in. flat target plates for Experiments 9,

11, 13, and 14, respectively. The metal target layers for Experiments 11, 13, and 14

were explosively bonded. The two-layer cermet-metal target plate for Experiment 9

was fabricated by depositing a cermet of aluminum oxide (Al 2 03) onto a nominally 3 x

3 x 3/8-in.-thick 304 stainless steel substrate and then cold and hot pressing the

specimen using powder metallurgy techniques. The resulting compressed cermet

coating density was about 75 percent of the theoretical maximum density.3

The masses of the individual target layers for Experiments 9, 11, 13, and 14

were calculated since the layers had been bonded together into single units by

Battelle. The following density values were used for these calculations: density of

steel = 7.79 gm/cm 3 (average value for 1018 steel cubes for 14 experiments), density

of titanium 4 = 4.50 gm/cm 3 , density of aluminum = 2.71 gm/cm 3 (value calculated

for 6061-T6 aluminum target plate from Experiment 1). A traveling microscope was

used to measure the thickness of the layers for Experiments 11, 13, and 14 after

impact. The cermet thickness and mass values for Experiment 9 were calculated

using the steel values and the values for the two-layer target prior to impact. The

ceramic tile for Experiment 12 was impacted without modifying the as-received size

of 4.25 x 4.25-in. wide and 0.25-in. thick. The 70 gm mass for this material in Table I

was calculated using the standard target width dimensions of 3 x 3 in.

6
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III. RESULTS

Table 2 summarizes the experimental results. The target thicknesses varied

from 0.495 to 0.919 in. and the target masses varied from 206 to 634 gm. The areal

density increased from 3.55 gm/cm 2 for the 6061-T6 aluminum target in Experiment
1 to 11.12 gm/cm 2 for the aluminum cermet-steel layered target for Experiment 9.

The cube impact velocity range was from 2010 to 3114 ft/sec. The selected velocity

was 2010 and 2013 ft/sec for two shots, 2516 ft/sec for a single shot, and varied

between 3037 and 3114 ft/sec for 11 shots. The estimated target damage and target

perforation descriptions are also given for each experiment. Appendix A contains
photographs of the recovered target plates and cubes for each experiment. Figures 5

through 18 are photographs of the recovered targets after they were sectioned

through the impact region.

Figure 5 shows the result for a single 6061-T6 aluminum layer impacted at

2010 ft/sec in Experiment 1. An approximate 0.67-in. wide square plug was sheared

from the target plate by the impacting cube. 5 The recovered cube wi:Ith decreased
from approximately 0.67 in. at the impact end to 0.5 in. at the free surface end; the

cube length decreased by approximately 9 percent in the center to approximately

20 percent at the cube edges.

The effect of increasing cube velocity on target damage for a single mild steel

target layer is given in Figures 6 through 8. Target cratering was observed for the

2013 and 2516 ft/sec impact velocity experiments. For the 3106 ft/sec higher velocity

experiment, more extensivc damage consisting of shear plug formation and fracture

was observed. The crater diameter in the target impact plane was approximately

0.79 in. for all three experiments. The maximum crater depth was approximately

0.17, 0.28, and 0.82 in. for Experiments 2, 3, and 4, respectively. For Experiment 4,

the d,'formed cube remained embedded in the crater; the crater depth for this

experiment was measured to the bottom of the cube. (The crater depth was measured

from the target impact plane.) Maximum cube width and length values of 0.83 in.

and 0.37 in., respectively, were measured for the recovered cubes for Experiments 2

and 3.

7
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TABLE 2. SUMMARY OF EXPERIMENTAL RESULTS

Initial Initial Average
Experiment Number of Target Layer Materialst, Thickness of Target Mass of Target Target Density

Number- Target Layers (in.) (gm) gn/cm3)

1 1 6061-T6 Aluminum 0.516 206 2.71

2 1 Mild steel 0.518 599 7.84

3 1 1018 steel 0.495 569 7.81

4 1 1018 steel 0.495 570 7.81

5 1 1018 steel, narrow ribbed 0.522 569 7.39

6 1 1018 steel, wide ribbed 0.545 568 7.09

7 2 1018 steel 0.923 579 4.31
Kevlar/epoxy composite

8 2 Kevlar/epoxy composite 0.923 579 4.24
1018 steel

9 2 Aluminum oxide.based cermet 0.726 587 6.03
304 stainless steel

10 3 1018 steel 0.500 576 7.80
1018 steel
1018 steel

11 3 Mildsteel 0.501 422 6.04
6061-0 aluminum
Mild steel

12 4 Ceramic tile 0.919 634d 4.67
Torr-Seal epoxy

Ceramic tile
1018 steel

13 5 Mild steel 0.499 423 6.27

Grade A titanium
6061-0 aluminum
Grade A titanium
Mild steel

14 5 Hadfield steel 0.503 474 6.27

Grade A titanium
6061-0 aluminum
Grade A titanium
Hadfield steel

The targets for Experiments 9, I1, 13, and 14 were provided by Battelle.3

"The target layers are listed in the order in which they were impacted.
Obtained by multiplying the average target density by the target thickness.

d (Caiculated value using the 3 x 3-in. standard target width for the ceramic tile.

8
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TABLE 2. SUMMARY OF EXPERIMENTAL RESULTS (CONTINUED)

Experiment Impact Target Type of
Numbera iDensityc Velociity Perforated Target Damage

(gM/cm 2) (ft/sec)

1 3.55 2010 Yes Shear plugging

2 10.30 2013 No Cratering with ductile deformation and plate bulging

3 9.81 2516 No Cratering with ductile defnrmation and plate bulging

4 9.81 3106 No Shear plugging and fracture

5 9.80 3101 No Shear plugging and fracture

6 9.81 3064 No Shear plugging and fracture

7 10.10 3084 No Layer 1-Ductile bulging and fracture.
Layer 2-Bending and breaking of fibers

8 9.95 3082 No Layer 1-Catastrophic bending and breaking of fibers
Layer 2-Bulging, fracture, and radial cracking

9 11.12 3037 No Layer 1-Fracture
Layer 2-Bulging and bending of plate

10 9.91 3091 Yes Layer 1-Shear plugging
Layer 2-Shear plugging, fracture, and plate bending

Layer 3-Fracture, plate bending, and petaling

11 7.68 3079 Yes Layer 1-Shear plugging
Layer 2-Shear plugging

Layer 3--Shear plugging, plate bending, petaling, and fracture

12 10.90 3070 Yes Ceramic tile layers-Brittle fracture

Steel layer-Plate bending and fracture

13 7.95 3112 Yes Layers 1. 2.3-Ductile hole formation and fracture
Layer 4-Plate bending and shear fracture

Layer 5-Plate bending and fracture

14 8.00 3114 Yes Layer 1-Shear plugging
Layers 2,3, 4-Plate bending, shear, and fracture

Layer 5--Plate bending, petaling, and fracture

9
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1123 4 9 10 11 12 13 14 It"-` "

6 INCHES NAVAL SURFACE WARFARE CENTER C oMrlPS
0 mNCHS

FIGURE5. SECTIONED TARGET FOR EXPERIMENT 1-0.516 IN.-THICK 6061-T6
ALUMINUM TARGET, SHEAR PLUG, AND IMPACT CUBE (SHOWN AT TOP),
2010 FT/SEC IMPACT VELOCITY, 206 GM TARGET MASS

1 5 6 ? 8 9 I 1 12 13 14 1

6ICri1ES NAVAL SURFACE WARFARE CENTER F MT•

FIGURE 6. SECTIONED TARGET FOR EXPERIMENT 2-0.518-IN.-THICK MILD STEEL

TARGET AND IMPACT CUBE, 2013 FT/SEC IMPACT VELOCITY, 599 GM TARGET
MASS

10
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"7! 2 3 4 5 6 7y 8 9 10 11 12 13 14 1•

6 INCHES NAVAL SURFACE WARFARE CENTER CFN'IME S

FIGURE 7. SECTIONED TARGET FOR EXPERIMENT 3-0.495-IN,-THICK 1018 STEEL
TARGET PLATE AND IMPACT CUBE, 2516 FT/SEC IMPACT VELOCITY, 569 GM
INITIAL TARGET MASS

I "• i •• •,CENI !

6 INCHES NAVAL SURFACE WARFARE CENTER

FIGURE 8. SECTIONED TARGET FOR EXPERIMENT 4-0.495-IN.-THICK 1018 STEEL
TARGET AND EMBEDDED IMPACT CUBE, 3106 FT/SEC IMPACT VELOCITY,

570 GM TARGET MASS

' ' ' ' 'I I I I I 11
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'• 1 2 3 4 5 6 7 a 9 10 1 1 12 13 14 15

6 INCHES NAVAL SURFACE WARFARE CENTER CENTIMETERS

FIGURE 9. SECTIONED TARGET FOR EXPERIMENT 5-0.522-IN. -THICK NARROW-RIBBED
1018 STEEL TARGET AND EMBEDDED IMPACT CUBE, 3101 FT/SEC IMPACT
VELOCITY, 569 GM TARGET MASS

• ~~6 INCHES NAVAL SURFACE WARFARE CENTERCEtMTS

FIGURE 10. SECTIONED TARGET FOR EXPERIMENT 6-0.545-IN. -THICK WIDE-RIBBED
1018 STEEL TARGET AND EMBEDDED IMPACT CUBE, 3064 FT/SEC IMPACT
VELOCITY, 568 GM TARGET MASS

12
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• • 61INCHES NAVAL SURFACE WARFARE CENTER c~~~

FIGURE 1I. SECTIONED TARGET FOR EXPERIMENT 7-0.923-IN.-THICK TWO-LAYER 1018
STEEL-KEVLARIEPOXY TARGET AND IMPACT CUBE, 3084. FT/SEC IMPACT
VELOCITY, 579 GM TARGET MASS

S6 INCHES NAVAL SURFACE WARFARE CENTER ceNTIMTERes

FIGURE 12. SECTIONED TARGET FOR EXPERIMENT 8-0.923-IN.-THICK TWO-LAYER
KEVLAR/EPOXY- 1018 STEEL TARGET AND EMBEDDED IMPACT CUBE,
3082 FT/SEC IMPACT VELOCITY, 579 GM TARGET MASS

13
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6 INCHES NAVAL SURFACE WARFARE CENTER f M '

FIGURE 13. SECTIONED TARGET FOR EXPERIMENT 9-0.726-IN.-THICK TWO-LAYER

ALUMINUM OXIDE-BASED CERMET-304 STAINLESS STEEL TARGET AND

IMPACT CUBE, 3037 FT/SEC IMPACT VELOCITY, 587 GM TARGET MASS

6 NHS NAVAL SURFACiE WARFARE CENTER u,••s

FIGURE 14. SECTIONED TARGET FOR EXPERIMENT 10-0.500-IN.-THICK THREE-LAYER

1018 STEEL TARGET, FRAGMENT PIECES, AND IMPACT CUBE iSHOWN IN

MIDDLE), 3091 FT/SEC IMPACT VELOCITY, 576 GM TARGET MASS

14
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* 1 2 3 4 5 6 7 8 10 1 1 12 13 14 1'

60NCHES NAVAL SURFACE WARFARE CENTER CENIIME ERS

FIGURE 15. SECTIONED TARGET FOR EXPERIMENT 11-0.501-IN.-THICK THREE-LAYER
MILD STEEL-6061-0-ALUMINUM-MILD STEEL TARGET, FRAGMENT PIECES,
AND IMPACT CUBE (SHOWN IN MIDDLE), 3079 FT/SEC IMPACT VELOCITY,
422 GM TARGET MASS

FIGURE 16. SECTIONED TARGET FOR EXPERIMENT 12-0.919-IN.-THICK FOUR-LAYER
CERAMIC TILE-TORR-SEAL EPOXY-CERAMIC TILE-1018 STEEL TARGET,
FRAGMENT PIECES, AND IMPACT CUBE (SHOWN IN MIDDLE), 3070 FT/SEC
IMPACT VELOCITY, 634 GM TARGET MASS

15
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3 4 Cf6 7 N9 0 1 E 1 FRS•,

6 INCHES NAVAL SURFACE WARFARE CENTER NIM{TlRS

FIGURE 17. SECTIONED TARGET FOR EXPERIMENT 13-0.499-IN. -THICK FIVE-LAYER
MILD STEEL-GRADE A TITANIUM-6061-0 ALUMINUM-GRADE A TITANIUM-

MILD STEEL TARGET, FRAGMENT PIECES, AND IMPACT CUBE (SHOWN IN

CENTER), 3112 FT/SEC IMPACT VELOCITY, 423 GM TARGET MASS

NAVAL SURFACE WARFARE CENTER

FIGURE 18. SECTIONED TARGET FOR EXPERIMENT 14-0.503-IN.-THICK FIVE-LAYER
HADFIELD STEEL-GRADE A TITANIUM-6061-0 ALUMINUM-GRADE A
TITANIUM-HADFIELD STEEL TARGET, FRAGMENT PIECES AND IMPACT

CUBE (SHOWN IN CENTER), 3114 FT/SEC IMPACT VELOCITY, 474 GM TARGET
MASS

16
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Figure 19 shows two types of fractures that were observed on the ejected plug
piece for the 3106 ft/sec impact experiment. This mixed failure mode (shear bands

and bending fracture) can also be observed in the nonejected plug piece in Figure 8

and has been described by Woodward. 6 ,7 In this description, when plugging is

initiated by shear bands on one side of the plug, asymmetries can develop when the

bands reach the rear surface of the target causing slip to more easily occur. The plug

can then bend and tear in nonshear surface regions.

No target perforation occurred for Experiments 2, 3, and 4, although for the

3106 ft/sec impact experiment, the back surface plug bulge was approximately 0.5 in.

(the plate thickness). The extensive target damage suggests that 3106 ft/sec is

probably near the perforation threshold for this target.

Figures 9 and 10 show the effect of adding a series of narrow and wide ribs,

respectively, to the impact face of the 1018 steel target plates. This approach is a

variation on a spall mitigation technique. 8 The target mass and areal density for

these experiments was the same as for the flat single layer 1018 steel target plates for

Experiments 3 and 4. The same mixed failure mode consisting of shear bands and

bending fracture that was observed for Experiment 4 was also observed for Experi-

ments 5 and 6. No target perforation occurred. The deformed cube remained em-

bedded in the crater for Experiments 5 and 6. Incomplete shear plugs had begun to

form for both experiments. Back surface plug bulge of approximately 0.4 and 0.6 in.,
respectively, was observed for the narrow- and wide-ribbed steel targets. Also,

asymmetries were introduced by the ribs since for both experiments the side of the

plug that showed incomplete shear or fracture damage was a side that was per-

pendicular to the direction of the ribs on the impact surface (see Figures A-5 and A-6).

Figures 11 and 12 show the results of a cube impact with a two-layer steel-

Kevlar/epoxy target and a two-layer Kevlar/epoxy-steel target, respectively. These

figures show that less target damage occurred by placing the Kevlar/epoxy composite

layer behind the steel layer than in front of it. Fracture and a noticeable back surface

bulge occurred in the steel target layer for Experiment 7. A bulge of approximately

0.32 in. was measured for the 0.416-in.-thick steel layer. The Kevlar/epoxy composite

layer had a back surface bulge of approximately 0.37 in. Some composite

delamination and broken Kelvar fibers occurred near the back surface of the

composite.
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Damage was more extensive for the target in Experiment 8. The Kevlar/epoxy

composite layer suffered catastrophic damage by the impacting steel cube. The steel

layer for this experiment failed mainly by plate bending and fracture. A shear

fracture surface of limited extent was observed adjacent to the back surface of the

steel plate. The target mass and impact velocity for Experiments 7 and 8 is the same

as that for Experiment 4.

Figure 13 shows the result for the two-layer aluminum oxide-based cermet-304

stainless steel target impacted in Experiment 9. The cermet layer fractured into

many pieces. Plate bending was observed for the steel layer; no cracks were observed

in the steel plate. A back surface bulge of approximately 0.4 in. was measured for the

0.360-in.-thick steel plate. For this experiment, the post-impact cube height was

approximately 0.25 in., which corresponds to a 50 percent reduction in this

dimension.

The target for Experiment 10 is a 0.500-in.-thick three layer 1018 steel target.

Each target layer is the same thickness. This experiment was performed to compare

with the result for Experiment 4 (a single 0.495-in.-thick 1018 steel layer). The

Experiment 10 result is shown in Figure 14. Complete target perforation occurred.

Plate 1 failed mainly by shear plug formation; only a minimum amount of plate

bending occurred and no radial tearing was observed. Plate 2 failed by a combination

of shear plug formation, plate bending and some radial tearing. Plate 3 failed by

plate bending, petaling, and fracture. The recovered mushroomed cube for this

experiment had a small approximately 0.020-in.-deep by 0.070-in. wide hole in the

center of the impact face.

The result for the explosively bonded three-layer mild steel-6061-0 aluminum-

mild steel target is shown in Figure 15. Layers 1 and 2 failed primarily by shear

banding with no radial tearing and minimum plate bending occurring. Layers 1 and

2 did not separate from each other although in the sectioned target some large

interface cracks were evident adjacent to the cube impact area. Layer 3 separated

during impact (Figure 15). It failed by shear banding, plate bending, petaling, and

fracture. Complete perforation occurred for this target. The recovered cube for this

shot also had a hole in the center of the impact face (approximately 0.150-in.

diameter by 0.070-in. deep) and several cracks on the back face. The cracks were in a

cross pattern that extended partway across the cube face and towards the cube edges.
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The result for the multi-layer target tbr Experiment 12 is shown in Figure 16.
Target perforation occurred for this experiment. The ceramic tile layers fragmented
into many pieces. Only the larger fragments are shown in Figure 16. The steel layer
failed mainly by plate bending, and radial and circumferential cracking. The layer
fragmented into five large pieces. A ring fracture pattern was observed on the back
surface of the two larger plate pieces.9 A shear lip fracture was observed on the back
of several of the smaller fragment pieces.

The result for the explosively bonded five-layer mild steel-titanium-aluminum-
titanium-mild steel target is shown in Figure 17. Target perforation occurred for this
experiment. Minimum fracture and delamination occurred for the first three layers.
Figure 17 shows that material for these three layers was pushed ahead of the
impacting cube and then aside since steel layer material flowed approximately 0.6 in.
beyond the impact face. Layers 4 and 5 were delaminated, bent, and almost torn from

the target by the impacting cube. The titanium layer 4 failed mainly in shear. The
back surface steel layer failed by plate bending c'nd fracture.

Figure 18 shows the result for the explosively bonded five-layer Hadfield steel-
titanium-aluminum-titanium-Hadfield steel target for Experiment 14. Target
delamination consisted primarily of separation of the steel layers from the target.
The initial steel layer failed primarily by shear plug formation. Figure 18 suggests
that layers 2, 3, and 4 failed by a combination of plate bending, shear, and fracture.
The back surface steel layer failed by plate bending, petaling, and fracture.

IV. SUMMARY AND CONCLUSIONS

A series of fourteen impact experiments has been performed in which solid and
layered targets nominally 3 x 3-in. by 0.5-in. thick have been impacted by 0.5-in.
cubes in a flat-faced orientation. The number of target layers varied from one to five.

The areal density of the targets ranged from 3.6 to 11.1 gmn/cm 2 . Three experiments
were performed at an impact velocity ranging from 2000 to 2500 ft/sec and eleven

experiments were performed at a velocity of approximately 3100 ft/sec. Target
perforation did not occur in six of the higher velocity experiments. For these
experiments the number of target layers was either one or two. Target perforation
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occurred in five of the higher velocity experiments; the number of target layers was

either three, four, or five for these experiments. Target failure consisted of one or

more of the following types: cratering, shear bands, shear plugging, fracture, plate

bending, petaling, and fiber breaking.

The impact resistance of a single flat-faced 1018 steel target (Experiment 4) was

not significantly improved by machining a series of parallel ribs on the target impact

face while maintaining the same areal density (Experiments 5 and 6). These targets

failed by a combination of shear banding and bending fracture. The results for the
two-layer target of 1018 steel and Kevlar/epoxy composite showed that less steel

fracture occurred when the composite was placed on the back surface of the impacted

steel layer (Experiment 7) rather than on front of it (Experiment 8). For the two-
layer aluminum oxide-based cermet-304 stainless steel target (Experiment 9), the

brittle cermet layer fragmented on cube impact but only plate bulging and bending

occurred in the back surface steel layer.

Target perforation occurred in all of the three-, four-, and five-layer targets.

The three-layer 1018 steel target (Experiment 10) had less impact resistance than

the steel single-layer target with the same total thickness (Experiment 4). In

general, for the metal layered targets, the impacted layer failed by shear plugging

and the back surface layer failed by plate bending, petaling, and fracture. Some

permanent separation of the metal plates occurred for all the metal-layered-target

experiments.
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APPENDIX A

PHOTOGRAPHS OF RECOVERED TARGET PLATES

AND CUBES FOR EACH EXPERIMENT

This appendix contains photographs of the recovered target plates and either

embedded or separate impact cubes for each experiment. Figures A-1(a) through
A-14(a) show the impact surface of the target plates and Figures A-l(b) through

A-14(b) show the back surface of the target plates. Some figures (Figures A-5(c)

through A-14(c) show a side view of the plates. Cube motion was from left to right in

Figures A-5(c) through A-12(c) and right to left in Figures A-13(c) and A-14(c). The
figures also show some fragment pieces for fragmented ceramic targets or perforated

metal targets. For some experiments, the inner surface of the layered targets is also

shown.

A-l/A-2



NSWCDD/TR-93/429

(a) Impc Sufc of Auinum PlteadhardPlg

1 2 3 4 5 6 7 8 9 10 11 12 13 14 15

6NCHES* NAVAL SURFACE WARFARE CENTER CENTIMETERS

(a) Bmact Surface of Aluminum Plate and Sheared Plug;
Bmack Surface of Cube (Shown on Right)

FIGURE A-i. RECOVERED 0.51 6-IN.-THICK 6061 -T6 ALUMINUM TARGET PLATE AND
CUBE FOR EXPERIMENT I (TARGET MASS = 206 GM; IMPACT VELOCITY

=2010 FTISEC)
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NAVAL SURFACE WARFARE CENTER

(a) Impact Surface of Steel Plate; Back Surface of Cube
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6 INCHES NAVAL SURFACE WARFARE CENTER

(b) Back Surface of Steel Plate. Impact Surface of Cube

FIGURE A-2. RECOVERED 0.518-IN -THICK MILD STEEL TARGET PLATE AND CUBE FOR
EXPERIMENT 2 (TARGET MASS = 599 GM; IMPACT VELOCITY = 2013 FT/SEC)
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6 INCHES NAVAL SURFACE WARFARE CENTER CENTIME•1FRS

(a) Impact Surface of Steel Plate; Back Surface of Cube
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(b) Back Surface of Steel Plate, Impact Surface of Cube

FIGURE A-3. RECOVERED 0.495-IN.-THICK 1018 STEEL TARGET PLATE AND CUBE FOR
EXPERIMENT 3 (TARGET MASS = 569 GM; IMPACT VELOCITY = 2516 FT/SEC)
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(a) Impact Surface of Steel Plate; Back Surface of Embedded Cube
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6 INC Hs NAVAL SURFACE WARFARE CENTER

(b) Back Surface of Steel Plate

FIGURE A-4. RECOVERED 0.495-IN.-THICK 1018 STEEL TARGET PLATE WITH EMBEDDED
CUBE FOR EXPERIMENT 4 (TARGET MASS = 570 GM; IMPACT VELOCITY
- 3106 FT/SEC)
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(a) impact Surface of Steel Plate, Back Surface of Embedded Cube

NdAVAL SURF~kINA WAL&.4

(b) Back Surface of Steel Plate

"VA*L SUUFACI WAMASI Ct~lt%

(c) Side View of Steel Plate

FIGURE A-5. RECOVERED 0.522-JN.-THICK NARROW-RIBBED 1018 STEEL TARGET PLATE
WITH EMBEDDED CUBE FOR EXPERIMENT 5 (TARGET MASS = 569 GM;
IMPACT VELOCITY =3101 FTISEC)
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.AtMI SURFACk WARFARE UIUtER

(a) Impact Surface of Steel Plate; Back Surface of Embedded Cube
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(b) Back Surface of Steel Plate

(c) Side View of Steel Plate

FIGURE A-6. RECOVERED 0.545-IN.-THICK WIDE-RIBBED 1018 STEEL TARGET PLATE
WITH EMBEDDED CUBE FOR EXPERIMENT 6 (TARGET MASS = 568 GM;
IMPACT VELOCITY = 3064 FT/SEC)
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(a) Impact Surface of Steel Plate; Front Surface
of KevIar/Epoxy Layer; Back Surface of Cube

N AVAI .SUR|Af.[ WA/•iAkf Cft•Tl

(b) Back Surface of Steel Layer; Back Surface
of Kevlar/Epoxy Layer; Impact Surface of Cube

........

(c) Side View of Steel and Keviar/Epoxy Layers;

Impact Surface of Cube

FIGURE A-7. RECOVERED TWO-LAYER 0.923-IN.-THICK TARGET PLATE AND CUBE FOR
EXPERIMENT 7 (LAYER 1: 0.416-IN.-THICK 1018 STEEL; LAYER 2: 0.507-IN.-
THICK KEVLAR'EPOXY) (TARGET MASS = 579 GM; IMPACT VELOCITY =

3084 FT/SEC)
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(a) impact Surface of KevlarlEpoxy Layer with
Embedded Cube

MAIAAt ,IjVAC *AUIA I

(b) Back Surface of Steel Layer

(c) Side View of Keviar/Epoxy and Steel Layers

FIGURE A-8. RECOVERED TWO-LAYER 0.923-IN.-THICK TARGET PLATE WITH EMBEDDED
CUBE FOR EXPERIMENT 8 (LAYER 1: 0.507-IN.-THICK KEVLARIEPOXY;
LAYER 2: 0.417-IN.-THICK 1018 STEEL) (TARGET MASS = 579 GM; IMPACT
VELOCITY = 3082 FTISEC)
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(a) Fragmented Cermet Layer;
Front Surface of Steel Layer; Back Surface of Cube

(b) Fragmented Cermet Layer;
Back Surface of Steel Layer; Impact Surface of Cube

(c) Fragmented Cermet Layer;
* Side View of Steel Layer; Impact Surface of Cube

FIGURE A-9. RECOVERED TWO-LAYER 0.726-IN.-THICK TARGET PLATE AND CUBE FOR
EXPERIMENT 9 (LAYER 1: 0.366-IN..THICK ALUMINUM OXIDE-BASED
CERMET; LAYER 2; 0.360-IN.-THICK 304 STAINLESS STEEL) (TARGET
MASS = 587 GM-, IMPACT VELOCITY = 3037 FTISEC)
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--- mnmim

(a) Impact Surface of Layer 1; Front Surfaces of Layers 2 and 3;
Some Fragment Pieces; Back Surface of Cube (Shown on Left)

(b) Back Surfaces of Layers 1 2, and 3; Some Fragment Pieces;
Impact Surface of Cube (Shown on Left)

M .. JAVAJ SlVR$AII •ARm.A. IAI~tIIF
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(c) Side View of Three Steel Layers; Some Fragment Pieces:

Back Surface of Cube (Shown on Left)

FIGURE A-10. RECOVERED THREE-LAYER 0.500-IN.-THICK TARGET PLATE AND CUBE
FOR EXPERIMENT 10 (LAYER 1: 0.167-IN.-THICK 1018 STEEL; LAYER 2:
0.166-IN.. THICK 1018 STEEL; LAYER 3:0.167-IN.-THICK 1018 STEEL)
(TARGET MASS = 576 GM; IMPACT VELOCITY = 3091 FT/SEC)
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(a) Impact Surface of Layered Target; Some Fragment Pieces;
Back Surface of Cube (Shown on Right)

(b) Back Surfaces of Layered Target, Some Fragment Pieces;
Impact Surface of Cube (Shown on Right)

' i

(c) Side View of Layered Target; Some Fragment Pieces;
* Impact Surface of Cube (Shown on Left)

FIGURE A-Il. RECOVERED THREE-LAYER 0.501-IN.-THICK TARGET PLATE AND CUBE
FOR EXPERIMENT 11 (LAYER 1: 0.168-IN.-THICK MILD STEEL; LAYER 2:
0,172-IN.- THICK 6061-0 ALUMINUM; LAYER 3: 0.161-IN.-THICK MILD STEEL)
(TARGET MASS = 422 GM; IMPACT VELOCITY = 3079 FTISEC)
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(a) Fragmented Pieces from Ceramic Tile Layers; Front Surfaces of Steel
Layer and Steel Fragments; Back Surface of Cube (Shown on Left)

m i-m - mm m m

(b) Fragmented Pieces from Ceramic Tile Layers; Back Surfaces of Steel

Layer and Steel Fragments; Impact Surface of Cube (Shown on Left)

(c) Fragmented Pieces from Ceramic Tile Layers; Side View of Steel Layer;
Back Surface of Steel Fragments; Impact Surface of Cube (Shown on Right)

FIGURE A-12. RECOVERED FOUR-LAYER 0.919-IN.-THICK TARGET PLATE AND CUBE FOR
EXPERIMENT 12 (LAYER 1: 0.250-IN.-THICK CERAMIC TILE; LAYER 2: 0.039-
IN.- THICK TORR-SEAL EPOXY; LAYER 3: 0.250-IN.-THICK CERAMIC TILE;
LAYER 4: 0.380-IN.-THICK 1018 STEEL) (TARGET MASS = 634 GM; IMPACT
VELOCITY = 3070 FT/SEC)
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A , AVAý SOR(AO WARfARt 0AMP

(a) Impact Surface of Layered Target; a Fragment Piece;

Back Surface of Cube (Shown on Right)

. , AVAL SURFACE WAHRAH! Pf N I

(b) Back Surface of Layered Target; a Fragment Piece;

Impact Surface of Cube (Shown on Right)

11

(c) Side View of Layered Target; a Fragment Piece;

Side View of Cube (Shown on Riaht)

FIGURE A-13. RECOVERED FIVE-LAYER 0.499-IN.-THICK TARGET PLATE AND CUBE

FOR EXPERIMENT 13 (LAYER 1: 0.175-IN.-THICK MILD STEEL; LAYER 2:

0.045-IN.- THICK GRADE A TITANIUM; LAYER 3: 0.086-IN.-THICK 6061-0
AWUMINUM; LAYER 4: 0.050-IN. -THICK GRADE A TITANIUM; LAYER 5:

0.143-IN.-THICK MILD STEEL) (TARGET MASS = 423 GM; IMPACT VE-

LOCITY = 3112 FT/SEC,
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NAIA I M19 AI ARFARI %I I

(a) Impact Surface of Layered Target; a Fragment Piece;
Back Surface of Cube (Shown on Right)

(b) Back Surface of Layered Target; a Fragment Piece;
Impact Surface of Cube (Shown on Right)

(c) Side View of Layered Target; a Fragment Piece;
Side View of Cube (Shown on Right)

FIGURE A-14. RECOVERED FIVE-LAYER 0.503-IN.-THICK TARGET PLATE AND CUBE FOR
EXPERIMENT 14 (LAYER 1: 0.153-IN.-THICK HADFIELD STEEL, LAYER 2:

0.051-IN.- THICK GRADE A TITANIUM; LAYER 3: 0.087-IN.-THICK 6061-0
ALUMINUM; LAYER 4: 0.051-IN.-THICK GRADE A TITANIUM; LAYER 5:
0.161-IN.-THICK HADFIELD STEEL) (TARGET MASS = 474 GM; IMPACT
VELOCITY = 3114 FT/SEC)
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