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Abstract 

Computer calculations in conjunction 

with experiments are used to develop mod

els that describe the failure of a material 

at the elastic limit and the subsequent 

failure by rupture after plastic elongation. 

A fracture model is developed that de

scribed the behavior of ceramic materials. 

The material descriptions are then used in 

a computer calculation of the penetration 

of a ceramic-faced aluminum target by a 

sharp steel projectile. The calculation 

correlates very well with a corresponding 

ballistic experiment that employed earn

eras and a flash x-ray technique to follow, 

in time, the various material interfaces. 

The important target material properties 

to defeat penetration and the failure modes 

of the materials are identified. It is noted 

that there is not just one material property, 

but a combination of properties required 

for an efficient armor. 

An experimental method to evaluate 

armor candidate materials that replaces 

ballistic limit tests is also presented. 

Introduction 

In the course of a ballistic impact on a 

target the load on the target varies from 

compression to tension and to shear. No 

one existing material has a maximum 

strength for the combinations of these 

loads that occur. For the materials of 

interest in lightweight armor a high com

pressive strength, for example, is usually 

accompanied by a low tensile strength. 

Two-component armor allows the possi

bility of an armor with the best of two 

different strength properties. Optimiza

tion of two-component armor has been 

difficult because there is not only the 
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interaction of the target and the projectile 

but interaction between the components of 

the armor. A prerequisite to the develop

ment of better lightweight armor is the 

understanding of these interactions during 

the penetration process and the identifica

tion of the important material properties. 

It is especially important to identify the 

conditions for failure of the materials. 

With this information material design 

criteria can be established. It is thought 

that a better armor will result if some of 

the weak properties of armor materials 

are improved even at the expense of a 



strong feature of the material. Thus one 

of the objectives in armor research should 

be to look for the possibility of a tradeoff 

in material properties. 

The application of materials to light 

armor is unusual because the material 

properties are utilized in the region of 

material failure; i.e., if the armor doesn't 

fail for a given ballistic threat it could be 

made lighter. In penetration of ceramic

faced armor there are several competing 

material failure processes that lead to an 

ultimate failure of the armor. The 

work reported here uses computer cal

culations to follow the penetration pro

cesses step by step. The calculations 

are not used to replace experiments 

but rather to check the understanding 

of experiments and to determine the 

important physical processes. A particu

lar phenomenon can then be studied 

separately with calculations to determine 

the sensitivity of a process to physical 

parameters. 

Calculational Work 

Calculation of Brittle Fracture 

A first requirement for the calculation;:tl 

work is a model to describe the observed 

fracture of ceramics. The brittle frac

ture model developed for the two

dimensional Hemp code incorporates the 

following assumptions: 

1. Fracture is initiated on surfaces. 

2. The following is the criterion for 

fracture: a principal stress in the 

plane of motion greater than 3-kbar 

tension. 

3. There is a time delay for the com

plete fracture of a zone. 

4. A zone that has fractured becomes 

the source of fracture for a nearby 

zone. 

5. A zone can fracture only when it is 

within a distance d = Vc X lit of a 

zone that has already fractured. 

Here V is the crack velocity and 6t c 
the elapsed time after fracture of 

the source zone. 

6. The fracture of a zone is accom

plished by relaxing the strength of 

material to zero. 

-2-

Figure 1 shows a calculation of a pro

jectile impact with a target composed of 

a ceramic backed by aluminum. The 

ceramic is described in the compression 

state by an equation of state derived from 

Hugoniot elastic limit experiments (Appen

dix A) and the above fracture model for 

tension states. It is seen that a fracture 

conoid develops at the impact surface and 

spreads to the interface between the 

ceramic and the aluminum backup plate. 

This conoid corresponds very well to the 

conoids seen in flash x-ray experiments 
2 (second progress report ) and from recov-

ered targets. It is seen that slightly after 

impact a crack is initiated on the axis 

opposite the impact side of the ceramic. 

Microscopic examination of ceramics 

fraqtured experimentally show that the 

calculation reproduced the actual time 

sequence of events. 

The effect of the conoid is to limit the 

amount of ceramic that participates in 

transmitting the load to the backup plate. 

The highest stress level on the backup 

plate occurs at the center of impact, and 
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cYClE• +161. II~· +2.652N! 

AI 

0.32 in. ~~~4-~ 

0.25 in.-++-_.., 

30 calibre 
steel projectile 
(velocity: 2500 ft/sec) 

CHlE• '"'· II~· +4.151106 

cYClE• +1,.1. II~· +6.018165 

CYClE• +UO. Tl,.;o ''·251lft 

Beginning of 
axial crack 

CYClE• +ft6. II~· +4.901122 

Fi~. 1, Calculation of development of fracture conoid and axial crack in alumina. 
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it is here that the greatest compression 

occurs in the backup plate. The compres

sion in the aluminum relaxes the support 

to the ceramic, and the stress in the 

ceramic becomes tensile. The axial crack 

that is initiated proceeds back toward the 

projectile (Fig. 1). The subsequent action 

is a general breaking up of the ceramic 

within the conoid from the coalescence of 

the cracks. The rate of the breaking up 

for a given ceramic depends on how well 

it is supported by the backup plate since 

the support governs the tension states in 

the ceramics. As the ceramic breaks up, 

the load to the backup plate is transmitted 

over smaller and smaller areas. A point 

is eventually reached in the breakup of the 

ceramic where the load on the backup plate 

is transmitted over a diameter correspond

ing roughly to the projectile diameter. 

Experiments with ceramics made of two 

layers show lower ballistic limits than for 

a single ceramic layer of the same total 

thickness. In Table I it is seen that the 

ballistic limit for sharp projectiles is 

250ft/sec lower when two pieces of AD85 

are used than the limit when a single piece 

is used. The ballistic limit for two ce

ramic pieces bonded together with a poly

urethane adhesive is even lower. In all 

cases the ceramic is bonded to the alumi-

num. 

Table I. Ballistic limits for targets of 
Coors AD85 alumina backed by 
0.25-in. 6061-T6 aluminum. 

Ballistic limits 
(ft/sec) 

Two pieces of AD85 Single piece of 
0.16 in. thick AD85 0.32 in. 

Projectile unhanded bonded thick 

Sharp 
cylinder 2400 ± 50 2300 ± 50 2650 ±50 
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The explanation is given by the calcu

lation shown in Fig. 2. It is seen that 

when two pieces of ceramic are used an 

axial crack forms shortly after impact at 

the interface between the two pieces of 

ceramic. This action permits the ceram

ic to break up sooner than it would other

wise. Hence, the effectiveness of one

half the ceramic is compromised early in 

the penetration process with a correspond

ing drop in the ballistic limit. The intro

duction of the adhesive between the two 

ceramic layers (Table I) allows an addi

tional tension mode to develop in the 

ceramic from the motion of the ceramic 

into the adhesive since the adhesive is 

more compressible than the ceramic. It 

would thus be expected that the ballistic 

limit would be lower than with no adhesive. 

Experiments have shown that the ce

ramic fracture conoids are relatively 

independent of impact velocity (second 

progress report 2). Since the same conoids 

always occur over the impact velocity 

range-of-interest a simplification is pos

sible when the object of a calculation is to 

study the load time history on a backup 

plate. For problems of this type the over

all effect of the propagation of cracks can 

be simulated by: 

1. Introducing the conoid into the prob

lem. at a time after impact 

2. Assuming all of the material inside 

the conoid breaks after a certain 

time and introducing a new equation 

of state for broken ceramic. 

Calculation of Impact of Sharp Projectile 
with Ceramic Backed by Aluminum 

Figure 3 shows an impact calculation 

that uses the above procedure where the 

time scale for steps (1) and (2) were taken 

• 

• 

• 
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CHLE• 

AI 

'"· Tl~· •2. 158026 

steel projectile 
(velocity: 2500 ft/sec) 

CYCLE• +922. Tl~• •.C.868.c11 

Fig. 2. Calculation of effect of using two layers of alumina compared to one 
(as in Fig. 1). 
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from Fig. 1 . The equation of state of the 

ceramic in compression was obtained from 

the Hugoniot elastic limit experiments 

(Appendix A). The equation of state for 

broken ceram~c was estimated by matching 

a computer calculation to an experiment 

where a steel cylinder was decelerated by 

broken ceramic (sequential flash x rays 

gave the time-position history of the cyl

inder; the equation of state in the calcula

tion was adjusted to give the same history 

for the cylinder). 

CYCLE• •?02. TJJIII(. +2.696085 

0.25 in. 
AI 

The impact velocity for the calculation 

(Fig. 3) is just below the ballistic limit for 

this target (2800 ftjsec; ballistic limit 

V BL = 2850 ft/sec). It is seen in Fig. 3 

that at -9 /).Sec the tip of the projectile has 

been completely destroyed. The large de

formation of the tip of the projectile 

increases the internal energy of the pro

jectile material to the point where the 

strength of the material is reduced. This 

is accomplished in the calculation by 

making the strength, Y0
, a function of the 

C!CLE• <15'0 TI•E·•I0.051180 

Fracture 
conoid 

steel projectile 
(velocity: 2800 ft/sec) 

CYCLE• •1101. TI"[·•!T 6'6511 CYCLE• <l801. 11"[••19.611696 

Fig. 3a. Calculated penetration of aluminum target faced with ceramic 
(Al203) by a sharp steel projectile. Note: included in calcula
tion are boundary conditions that correspond to 4 -in. diam ring 
mount support for the aluminum. 
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internal energy. Figure 4 shows the 

stress in the direction of motion a , for 
X 

positions along the axis. The figure 

shows the stress at 0.75 J.J.Sec after impact, 

but the same general position and magni

tude persists for about 10 J.J.Sec. The load 

on the target can be thought of as a steady

state load for this period of time. In 

100 I I 

Ceramic 
Aluminum ~ 

80 1-

60 ,..... /ax 
... 
0 

..0 
~ 

Ill 40 
Ill 
Q) ... -Vl 

20 

0 

-

1-

~ 

;J V\ 
I I I 

0 

Fig. 5, the stress in the axial direction, 

a , is shown as a function of radius for a 
X 

position just inside the aluminum backup 

plate at the ceramic interface. It is seen 

that the stress level is between 4 and 

10 kbar. After 10 J.l. sec the entire central 

portion of the aluminum plate is moving 

at a velocity of 0.015 cm/J.J.sec. This is 

I I 
Steel projectile 

-

-

-

-

I I I 

2 3 4 

Axial position -em 

Fig. 4. Stress profile along axis for calculations shown in Fig. 3 at t = 0. 7 5 J.J.Sec. 
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"' "' Q) .. ... 

Vl 

10 

8 

6 

4 

2 

0 

-2 

-40 

\~t = 6.7 fJSec 

' t = 3.6 fJSeC 
' t = 17. 7 f.l sec 

1.6 2.0 2.4 
Radius- em 

Fig. 5. Stress in axial direction, ax, in 
aluminum plate at ceramic inter
face for calculation shown in 
Fig. 3. 

exactly the velocity recorded by a streak 

camera of the corresponding experiment 

(see next section). 

A better understanding of the sequence 

of events can be obtained with the aid of 

Fig. 6. This figure shows the calculated 

projectile kinetic energy and the total 

target energy as a function of time. With 

reference to Fig. 6 and Fig. 3: 

1. From 0 to 9 !JSec the projectile tip 

is being destroyed. The rate of projectile 

energy loss increases as the surface area 

of the projectile in contact with the target 

increases. 

2. At 9 fJSec the tip has been completely 

destroyed. The tip represents -IOo/o of the 

projectile mass. The full cylinder cross 

section is now in contact with the target. 

3. From 9 to 15 !JSec the rate of pro

jectile energy loss is high chiefly due to 

the loss of projectile mass. It is seen 

that the increase in the target energy is 

considerably less than the projectile 

energy lost. 

4. After 15 fJSec the erosion of the pro

jectile stops, and the rate of projectile 

• energy lost is equal to the rate of gain in 

-9-
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energy of the target. As time progresses 

the crushing of the ceramic allows the 

load on the backup plate to be concentrated 

over smaller areas until it is eventually 

concentrated over an area corresponding 

to the projectile diameter . 

The positions as a function of time for 

the various interfaces in the calculation 

correlate very well with the corresponding 

experiment described in the next section. 

This implies that the load-time history on 

the backup plate is correct. Some of the 

main results of the calculation are: 

1. The 40-kbar compressive yield 

strength of the ceramic is sufficient to 

destroy the tip of the projeetile. 

2. There is a rapid loss in projectile 

energy -10 J.JSec after impact. 

3. The target absorbs only approxi

mately 60o/o of the projectile energy; the 

remainder is carried off by deflected 

30 

Projectile kinetic 

"' 0> ... 
Q) 

20 
"' 0 

>. 
0> .... 
Q) 
c 10 UJ Target tote I 

energy (internal 
plus kinetic) 

0 
0 10 20 30 

Time - fJSec 

Fig. 6. Energy vs time for projectile and 
target from calculations shown in 
Fig. 3. 



projectile material. The large fraction 

of energy carried off by deflected 

projectile material was noted in experi

ments by J. Taylor. 3 

Impact Experiments of Sharp Projectiles 
Striking Ceramic Backed by Aluminum or Fiber Glass 

Flash x rays (600 kV; 2 X 10- 8 sec ex

posure time) were used to study the impact 

of sharp projectiles on Coors AD85 alumi

na backed by either 6061-T6 aluminum or 

R EPCO woven roving fiber glass. The 

impact velocities were chosen below and 

above the ballistic limits for the two tar

gets. The objectives of the experiments 

were: 

1. To determine whether a difference 

in loading history could be detected for 

aluminum and fiber glass backup plates 

2. To obtain position-vs-time data of 

the various interfaces and correlate them 

\vith calculations on the Hemp code 

heads the length of the foil appears shorter 

than the true length. 

The discrete x-ray shots were keyed to 

streak camera records that continuously 

followed in time the positions of the pro

jectile rear surface and the target rear 

surface. The resulting position-vs-time 

plots from the x-ray and camera data are 

shown in Figs. 11 and 12, It is seen that 

the erosion process transforms the pro

jectile from a pointed cylinder 2. 81 em in 

length into a blunt cylinder 1.4 em in 

length. The calculation shown in Figs. 3a 

and 3b, predicted this result. * 
Inspection of Figs. 11 and 12 shows tha1 

the ceramic resists the penetration of the 

The front and rear surface of the pro- projectile for a longer period of time when 

j ectile and the rear surface of the target it is backed by aluminum than it does when 

can be easily seen with the x rays. How- it is backed by fiber glass. This result is 

ever, the ceramic backup plate interface due to the better support the aluminum 

at the center of impact ordinarily cannot offers the ceramic and hence greater time 

be seen due to a lack of contrast. There- delay until the eventual breaking up of the 

fore a gold strip 5 mils thick and 60 mils ceramic. 

wide was laid along the center of the tar- It can also be detected that a fiber glass 

gets on the ceramic backup plate interface. backup plate undergoes a larger deflection 

In this manner all of the interface of the than an aluminum backup plate. The point 

projectile and target materials could be 

readily followed in time with sequential 

shots of the flash x rays. The results are 

shown in Figs. 7 through 10. The x-ray 

heads are placed around the target axis. 

An image of the true length of the foil is 

obtained only for the x-ray head perpen

dicular to the foil length. For the other 

-10-

*The ballistic limit is very sensitive to 
the amount of projectile material that is 
eroded. When the mass of the projectile 
is reduced by 12o/o, the experimental bal
listic limit for the target shown in Fi~. 7 
increases from 2850 ft/sec to 3040 ftjsec, 
Thus it is not surprising that there is 
scatter in experimental ballistic limit 
data. 
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t = 5 

t = 30 

t = 40 

, 
Sharp 
cylinder 

t = 20 

, 

t = 32 

t =50 

, 

, 

t = 25 

t=34.9 

t = time, ~sec, 
after impact 

AI = 6061-T6 aluminum 
AI203 =Coors AD85 

alumina 

Fig. 7. Flash radiographs of impact below ballistic limit for aluminum-backed Al203 
target (projectile velocity = 2800 ft/ sec; ballistic limit = 2850 ft/ sec) . 
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t = 10 

t = 25.2 

t = 39.9 

AI203;WR interface 

t = 15 

t = 30.1 

t = 50.2 

,-

t = 19.8 

t = 35 

t =time, ~sec, 
after impact 

WR = REPCO woven 
roving 

AI 20 3 =Coors AD85 
alumina 

Fig. 8. Flash radiographs of impact below ballistic limit for woven roving Al203 target 
backed with fiber glass (projectile velocity = 2550 ft/ sec; ballistic limit = 
2780 ft/sec). 

-12-

•· 

l 

• 

• 

• 



• 

• 

• 

.. 

t = 10 t = 15.1 

, 

t=25.1 t = 29.9 

t = 40 t = 45 

r 

t = 20.2 

t = 35.1 

t =time, iJSec, 
after impact 

AI = 6061-16 aluminum 
AI203 =Coors AD85 

alumina 

Fig. 9. Flash radiographs of impact above ballistic limit for aluminum-backed Al
2
o

3 target (projectile velocity = 3050 ft/ sec; ballistic limit = 2850 ft/ sec) . 
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t = 10 t=14.9 t = 19.9 

Fig. 10, Flash radiographs of impact above ballistic limit for woven roving A1203 
backed with fiber glass (projectile velocity = 2880 ft/ sec; ballistic limit = 
2780 ft/sec). 
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here is that the projectile defeat mecha

nism for an aluminum-backed ceramic 

target is due mainly to the rigidity prop

erty of the aluminum plate, while the pro

jectile defeat mechanism for the target 

backed with fiber glass is due mainly to 

the large deflection property of the fiber 

glass. 

1. 0.25-in. 6061-T6 aluminum 

2. Two pieces of 0.125-in. 6061-T6 

aluminum. 

The effective rigidity for case 2 is thus 

less than that for case 1. 

The corresponding ballistic limits 

are: 

To demonstrate these two mechanisms 

the ballistic limit was determined for 
1. VBL = 2850 ± 50 ft/ sec (single piece 

of aluminum) 

0. 34-in. thick tile of Coors AD85 alumina 

backed by: 
2. VBL = 2550 ± 50 ft/ sec (two pieces 

of aluminum) 

E 
0 

c 
.2 .... 
"' 0 a.. 

4 

3 

2 

- Streak camera 

/

Impact velocity = 2800 ft/sec 
(0.085 em/tHee) 

x Flash x-ray 

""'-..~PmjecHie ••a• '"'lace 
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Fig. 11. Impact below ballistic limit for target of 0.34-in. Coors AD85 alumina backed 
by 0,25-in. 6061-T6 aluminum. 
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Fig. 12. Impact below ballistic limit for 0.34-in. Coors AD85 alumina backed by 
0.25-in. REPCO woven roving fiber glass. 

Similar experiments were performed 

with the ceramic backed by 0.25-in. thick 

REPCO woven roving fiber glass made up 

2. VEL = 2690 ± 50 ft/ sec (two pieces 

of fiber glass) 

3. VEL = 2700 ± 50 ft/ sec (multiple 

as: 

1. One 0.25-in. thick piece 

2. Two pieces 0.125 in. thick 

3. One piece 0.125 in. thick plus three 

layers 0.048 in. thick 

The corresponding ballistic limits 

are: 

1. VEL = 2780 ± 50 ft/ sec (single piece 

of fiber glass) 

layers of fiber glass) 

It should be noted that in these experiments 

there was a polyurethane adhesive between 

the ceramic and the first plate only. 

It is seen that there is less degradation 

in the ballistic performance for a fiber 

glass backup plate made up of multiple 

thicknesses compared to aluminum. The 

reason for this is that the main projectile 
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defeat mechanism of the target does not 

depend on the stiffness property of the 

fiber glass. Therefore it did not make 

much difference when the stiffness of the 

backup plate was compromised by making 

it from multiple layers. However, for 

the aluminum backup plate the rigidity is 

the important characteristic, and the 

ballistic limit drops when this property 

is reduced. 

It should be made clear that rigidity 

and the ability to deflect are both funda

mental requirements for the backup plate. 

Some minimum stiffness is required for 

an effective fiber glass backup plate. The 

point here is that there exists two predom

inant backup plate properties that are 

made manifest with fiber glass and alumi

num backup plates. 

The role that a large deflection plays 

as a mechanism of defeat of a projectile 

by the target was examined by supporting 

targets by: 

1 . 4- in. diam ring mounts 

2. 2-in. diam ring mounts 

The 2-in. ring mounts limit the extent 

of the backup plate deflection compared to 

the 4-in. ring mounts. It has already 

been determined that a 4-in. ring mount 

gives the same ballistic limit data as an 

essentially infinite diameter mount for the 

targets of interest. 

The ballistic limit for 0.34-in. thick 

tile of Coors AD85 alumina backed by 

0. 25-in. 6061-T6 aluminum remained 

about the same for the two cases (see 

Appendix B). The ballistic limit for a 

similar target backed by 0.25-in. fiber 

glass was: 

1. VBL = 2780 ± 50 ft/ sec (4-in. mount) 

2. VBL = 2350 ± 50 ft/ sec (2-in. mount) 

The point here is that the aluminum back

up plate does not undergo a large enough 

deflection to be adversely affected by a 

2-in. mount aperture. The defeat mecha

nism for the ceramic backed with fiber 

glass, however, depends on a large deflec

tion. The 2-in. mount limited the deflec

tion, and the ballistic limit dropped. 

Ballistic Limit Experiments 

Ballistic Limit Experiments with Ceramic 
Backed by Aluminum 

Figure 13 shows the experimental 

ballistic limits, VBL, for targets of AD85 

alumina bonded to 6061-T6 aluminum. It 

is seen that there are abrupt changes in 

the slopes of the curves of constant ce

ramic thickness when the aluminum plate 

thickness is -0.23 in. Inspection of the 

targets revealed that the backup plate 

failure was by tension normal to the im

pact direction for plates thinner than 

0. 23 in. and by shear for plates thicker 

than 0. 23 in. The tension failure started 

on the side opposite the impact, and the 

shear failure started on the impact side. 

The shear failure punched out aluminum 

plugs the diameter of the projectile from 

the backup plate. Referring to Fig. 13, 

the experimental ballistic limits for a tar

get with a constant ceramic thickness face 

increases as the backup plate thickness 

increases due to the increased support the 

thicker plates give to the ceramic. However, 
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Fig. 13. Experimental ballistic limits for Coors AD85 alumina bonded co 6061-T6 
aluminum (30 -calibre sharp projectiles). 

with increasing impact velocities the load 

on the aluminum increases until a stress 

level is reached where the aluminum under

goes compression failure at the ceramic 

interface with subsequent high shear forces 

around the rim of the loaded area, The 

shear forces lead to punching out a plug 

of aluminum. The stress level where the 

shear forces predominate represents the 

maximum support the aluminum can offer 

to the ceramic. The further increase in 

VEL as more aluminum is added is related 

to the increase in energy required for a 

blunt cylinder to shear out thicker plugs of 

aluminum. 

The stress in the ceramic is primarily 

elastic; therefore the magnitude of the 

stress varies directly with the projectile 
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impact velocity. A reasonable assump

tion is that the stress at the ceramic

aluminum interface varies inversely with 

the ceramic thickness. Thus 1 the stress 

at the backup plate varies directly with 

the impact velocity and inversely with the 

ceramic thickness. By the above assump

tions a constant ratio of impact velocity 

to ceramic thickness implies the same 

stress magnitude at the backup plate. 

Since it is the stress level at the backup 

plate that governs the behavior of the tar

gets it might be expected that the structure 

of the curves shown in Fig. 13 occurs at 

common stress levels. Thus 1 the ratio of 

the impact velocity to the ceramic thick

ness should be constant for a given backup 

plate thickness. This was 1 in fact 1 found 
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to be true. All of the data in Fig. 13 fall 

on a single curve when the ceramic thick

ness is greater than 0. 2 in. as shown in 

Fig. 14. A constant value of VEL/ceramic 

thickness for a given backup plate thick

ness represents a straight line through the 

origin for plots of VBL vs ceramic thick

ness (Fig. 15). However, it would not be 

expected that the VBL curve should pass 

through the origin as the ceramic thick

ness goes to zero because the aluminum 

backup plate has a finite ballistic limit. 

Also, the penetration phenomenon changes 

for impact velocities below 1000 ft/sec 

because the projectile point is not com

pletely destroyed for impacts below this 

velocity. From the data given in Fig. 13 

it is estimated that the plot shown in 

Fig. 14 is valid for AD85 ceramic thick

nesses ranging from 0.2 to 0.4 in. 

In resume, the ballistic limit for tar

gets of a fixed ceramic thickness backed 

by aluminum plates increases as the alu

minum is made thicker and hence stiffer. 

A plate thickness is finally reached where 

the resistance to deflection is so great 

that shear forces are effective in punching 

out the area corresponding to the diameter 

10~----~----~------r-----~-----r-----,------~----~----~~ 

~ --w 
1-""lnl 
~ 6 

0.3 

Thickness, 6 - in . 

0.4 

Fig. 14. Experimental data of Fig. 13 for alumina thickness greater than 0.2 in. 
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Fig. 15. Experimental ballistic limits for Coors AD85 alumina bonded to 6061-T6 
aluminum (30-calibre sharp projectiles). 

of the projectile. Therefore, the stiffness 

of the backup plate should be increased 

only to a value determined by the resist

ance of the material to compression and 

subsequent shear failure at the load area. 

For the materials discussed here this 

failure occurs for aluminum plates thicker 

than 0.23 in. The optimum target design 

to defeat the sharp projectile is an alumi

num plate 0.23 in. thick faced with a thick

ness of AD85 alumina to achieve the 

desired ballistic limits (Fig. 13). 

Ballistic Limit Experiments with Ceramic 
Backed by \Voven Roving Fiber Glass 

The ballistic limit experiments de

scribed in the preceding sections with 

AD85 alumina and aluminum backup plates 

were repeated with REPCO woven roving 

fiber glass backup plates. The variation 

in backup plate thickness was obtained by 

using laminates of 0.25-, 0.125-, and 

0.048-in. thick woven roving. The thicker 

laminates were placed toward the ceramic. 

A polyurethane adhesive was used between 

the ceramic and the first fiber glass plate 

only. Laminates of a composite material 

do not necessarily reproduce the same 

physical characteristics that an integral 

piece of the same total thickness repro

duces. For example, a plate with a nomi

nal thickness of 0. 25 in. made up as five 

pieces of 0. 048-in. thick woven roving 

does not have the same load-deflection 
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properties that a plate manufactured as a 

single piece has. 

This result would be expected since 

there are 12 layers of glass in a single 

piece of 0. 25-in. woven roving and a total 

of 10 layers of glass in 5 pieces of 

0. 048-in. thick REPCO fiber glass. How

ever, even when 6 pieces of 0.048-in. 

material are used to keep the same num

ber of glass layers constant the two plates 

have different load-deflections character

istics. In the ballistic application an 

integral piece of woven r-oving fiber glass 

is superior to laminates even though the 

glass content is the same. The point here 

is that for experiments with different 

thicknesses of fiber glass the plate thick

nesses obtained by using laminates do not 

necessarily belong to the same family of 

material as the integral pieces. However, 

it was found that if at least one piece of 

fiber glass was thick, 0.25 in. or 0.125 in., 

the ballistic limit data appeared to follow 

a consistant pattern (Figs. 16 and 17). 

It is noted that the structure of the 

curves in Fig. 16 is very similar to the 

experimental results when aluminum is 

used as a backup plate. Examinations of 

targets showed a failure by compression 

on the ceramic side of the fiber glass 

over an area corresponding to the projec

tile diameter. The compression failure 

caused a shear failure and buckling of the 

glass fibers in the adjacent material. 

This backup plate failure is analogous to 

the shear failure described for aluminum 

in the preceding section. It could not be 

determined whether the thin fiber glass 

had failed by tension in a way similar to 

the failure of the thin aluminum plates 

described earlier. The V BL increases 

at a slower rate for fiber glass thicknesses 

greater than 0.25 in. compared to alumi

num backup plates shown in Fig. 13. The 

reason for this is that the resistance to 

shear is less for fiber glass compared to 

aluminum (see Fig. B2). 

The similarity between the VEL data 

for aluminum and woven roving backup 

plates was at first puzzling because the 

static properties are different. Even the 

value of VBL/6 corresponded to the alumi

num results of fiber glass thickness on 

either side of the transition from low to 

high ballistic limits shown in Fig. 18. An 

explanation was obtained by dynamic load

deflection measurements (Appendix B). It 

was found that under the ballistic impact 

conditions the behavior of R.EPCO woven 

roving plates approaches that of aluminum 

plates. The maximum dynamic load at 

failure is the same for 0. 25-in. plates of 

woven roving fiber glass and 6061-T6 alu

minum. The fiber glass reached the max

imum load at a larger deflection which is 

consistant with the baliistic results where 

targets backed with fiber glass require a 

large deflection to defeat a projectile. 

With the knowledge that the good ballis

tic performance of woven roving fiber 

glass is due to dynamic properties, the 

problem of developing better fiber glass 

becomes extremely difficult. It is known 

that the resin must break away from the 

glass fibers after impact in order for the 

plate to undergo a large excursion. The 

finish on the glass fibers is very impor

tant since it influences the bond between 

the fibers and the resin. Thus in compos

ites there are interactions between the 

fibers, the finish, and the matrix. An 

improvement in the compressive strength 

of the matrix, for example, can result in 

an adverse coupling effect with the finish 
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and the fibers. Since the desirable prop

erties of tlie composites are revealed only 

in a dynamic environment, a simple dy-

namic testing procedure was developed to 

screen new composite materials (Appen

dix B). 

Backup Plate Studies 

The role of the backup plate is to sup

port the ceramic fracture conoid at early 

times after the projectile impact and thus 

delay the breaking up of the ceramic. 

Eventually the conoid is completely broken, 

and the load on the backup plate is trans

mitted over smaller and smaller areas. 

The backup plate is now required to de

flect in order to avoid high shear stresses 

due to the application of the load over an 

area smaller than the base of the conoid. 

The broken ceramic is effective in defeat

ing the projectile when it is held in place 

because it is stiff to compression loads, 

and friction makes it difficult for the pro

jectile to move material aside. Thus it 

would obviously always be better to have 

a rigid backup plate to hold the broken 

ceramic in place except that shear fail

ure becomes the weakest link. Therefore 

the optimum backup plate design is a plate 

just stiff enough to avoid shear failure by 

the applied load. The energy of the impact 

is absorbed bY the deflection of the backup 

plate, necessitating that the backup plate 

be able to undergo the excursion required 

to absorb the energy before a tensile fail

ure occurs at the rear of the plate; i.e., 

the plate is required to have some mini

mum tensile elongation before failure. 

The design of a backup plate would be 

straightforward except that in addition to 

the above properties it is required to have 

a low areal density. Actually this set of 

requirements has been the basis for devel

oping materials for applications other than 

armor. In Table II the experimental bal

listic limits are given for several mate

rials selected for high strength-to-density 

ratios. 

Some of the points discussed earlier 

are demonstrated in the results shown in 

Table II. The shear strength of aluminum 

7079-T6, for example, is greater than 

that of aluminum 6061-T6, and there is a 

corresponding increase in the ballistic 

limits, VBL. The strength of aluminum 

2024-T4 is also superior to that of 

6061-T6, but it was found that with dy

namic loads the elongation property is 

inferior. 

The TRIP steel used in Experiment 8 

is a high-strength, high-elongation mate

rial. However, in order for steel to be 

competitive in weight with a low-density 

backup plate like aluminum, the steel 

plate must be thinner. Even though the 

strength and elongation properties of the 

TRIP steel are superior to those of alumi

num, the thin steel plate is not stiff 

enough to support the ceramic as well as 

an aluminum plate of comparable weight 

(see Experiment 2). The loss of plate 

stiffness, which varies as the cube of the 

thickness, is responsible for the lower 

ballistic limit for the TRIP steel com

pared to that for the aluminum backup 

plates. 
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Table II. Experimental ballistic limits for 30-calibre sharp projectiles and targets of 
AD85 with different backup plates 

AD85 Target Ballistic 
Ex peri- thickness areal density limits 
ment (in.) Backup plate (lb/ft 2) (ft/ sec) 

1 0.34 0. 25-in. REPCO woven roving 8.62 2780 ±50 

2 0.34 0.25-in. 6061-T6 aluminum 9.52 2850 ±50 

3 0.34 0.25-in. 2024-T4 aluminum 9. 52 2700 ±50 

4 0.34 0. 25-in. 707 9-T6 aluminum 9. 52 2975 ± 50 

5 0.34 0.125-in. Ti-120 VCA 8.93 2850 ± 80 

6 0.34 0.25-in. Mg-Th 8.31 2100 ± 50 

7 0.34 0.25-in. Lockalloy 8.72 2275 ± 50 

8 0.34 0. 09-in. TRIPa steel 9.71 2500 ±50 

9 0.34 0.062-in. Ti-120 VCA 
± 0. 125-in. REPCO woven roving 8.77 2275 ± 50 

10 0.34 0.25-in. Be vacuum 
brazed to 0. 062-in. Ti-120 VCA 9.85 3000 ± 100 

11 0.31 0. 25-in. Be vacuum 
brazed to 0.062-in. Ti-120 VCA 9. 32 2775 ± 50 

aSee Ref. 4. 

The purpose of the titanium used in 

Experiment 9 was to protect the ceramic 

side of the fiber glass from the late time, 

high shear loads. This combination does 

. not offer an improvement because the 

projectile defeat mechanism for fiber 

glass requires a large excursion. The 

titanium has very good dynamic elonga

tion properties, but not enough to follow 

the excursion of the fiber glass. The 

titanium failed in tension, and the overall 

performance of this targ('t is poorer than 

for an all-fiber glass plate of similar 

weight (see Experiment 1), 

Beryllium is a light material that has 

the property of high-resistance-to-shear 

distortion for compressive loads, but a 

poor tensile elongation property. In Ex

periments 10 and 11 a titanium plate was 

vacuum-brazed onto the rear surface of a 

beryllium backup plate in order to support 

the fracture conoid in the beryllium that 

is known to occur from a ballistic impact. 

The resulting backup plate when compared 

to an aluminum 6061-T6 plate of compara

ble weight has: 

1. A greater resistance to deflection 

2. A higher resistance to the impact 

compression and subsequent shear 

distortion. 

3. Less deflective ability before a 

tensile failure 

The ballistic limits for these backup 

plates (Experiments 10 and 11) are about 

the same as those for an all-aluminum 

plate. The point here was to demonstrate 

that a backup plate with a high resistance 

to deflectior ; effective when the material 

also has a high resistance to compression 

deformation from the applied load. It 

would be expected that the ballistic limits 

would be higher if the beryllium had bet

ter elongation properties. 
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Role of Bond Between Ceramic and Backup Plate 

The targets for the ballistic limit 

experiments reported here use a polyure

thane bond (Scotchcast 221) to hold the 

ceramic and backup plates together. It 

was noted that the ballistic limit for tar

gets of 0.34-in. AD85 backed by 0.25-in 

aluminum dropped by .-250 ft/ sec when a 

bond was not used. A bond did not make 

a noticeable difference for ceramic thick

nesses less than 0. 25 in. The 250-ft/ sec 

drop in ballistic lim it is about a 1 Oo/o 

effect and is considered to be significant. 

It was decided to determine the reason for 

this effect because a clue to improving 

armor materials might be revealed. 

Experiments showed that the increase 

in ballistic limits for bonded target mate

rials was independent of the bonding mate

rial used. It was also established that 

the bonding material was not required to 

adhere to either the ceramic or the back

up plate. These results were obtained by 

allowing the adhesive material to cure 

with a 1/ 2-mil thick plastic sheet between 

the adhesive and the target materials. 

Thus there was no structural strength 

between the ceramic and the backup plate. 

It was also found that a lubricant (MoS2-

Molykote) could be used between a ceram

ic and an aluminum backup plate to obtain 

the same ballistic limit as that obtained 

when an adhesive bond was used. The 

conclusions are that the bond has no 

structural effect on the target, but instead 

has an effect on the ceramic surface. The 

irregular surface of the ceramics causes 

local tension stresses when a load is 

transmitted across the surface. The 

bonding material fills in the void of the 

irregular surface and serves as a coupling 

medium between the ceramic and the back

up plate. 

This hypothesis was checked by elimi

nating surface imperfections by carefully 

grinding a smooth surface on the ceramic. 

The resulting ballistic limits for bonded 

and unbonded ground ceramics were the 

same and equal to the value for the un

treated ceramic bonded to a backup plate. 

It should be pointed out that the com

pressibility of the plastic bonding materi

als will allow tensions to occur in the 

ceramic depending on the thickness of the 

bonding layer. These tensions are due to 

the ceramic expanding into the com

pressible material; i. e. , the ceramic 

is not being supported. Therefore, 

if the bonding layer is too thick more 

harm than good will result in the 

ballistic limit. 

Tension Strengthening of Ceramic 

From the experiments described in the 

preceding section it is seen that AD85 

alumina is very sensitive to the treatment 

of the surfaces. These results are 

interpreted as showing the weakness of 

a ceramic to a tensile stress. It was thought 

that an improvement in the ballistic limit 

might result if the ceramic surface at the 
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backup plate could be prestressed in com

pression. The ceramic would then be 

capable of undergoing more distortion 

before a tensile failure state occurred. 

Specimens of AD85 alumina were quenched 

from 1450°C in a silicone solution. The 

differential cooling of the surfaces of the 

ceramic compared to the interior pre

stresses of the surfaces due to the differ

ences in thermal expansion of the alumina 

and the glass phase. Three-point flexural 

tests showed a 100% improvement in the 

rupture modulus for the prestressed sam

ples. For the target described in the 

preceding section there was the same 10% 

increase in ballistic limit for the quenched 

ceramic as there was for ceramics with 

ground surfaces (the effects are not 

additive). 

The point here has been to establish the 

sensitivity of the ballistic performance to 

improvements in the tensile properties of 

a ceramic. In Fig. 6 it is seen that the 

rate of energy loss of the projectile is 

very high at -7 J.J.Sec after impact. If this 

high rate of energy loss were sustained 

even a microsecond longer, a large im

provement in ballistic performance would 

be expected. Therefore the time scale 

for the fracture and breakup of the ceram

ic is very important. 

A calculation was made to determine 

how much delay in the development of the 

ceramic fractures might be expected if 

the tensile strength of the ceramic were 

increased. The calculation shown in 

Fig. 1 was repeated with the fracture 

strength changed from 3-kbar tension to 

8-kbar tension. Figure 18 shows the two 

problems at the same time after impact. 

It is seen that there is a time difference 

of the order of a microsecond between 

the two problems when the development 

of the fracture pattern is about the 

same. Therefore, a ceramic with im

proved tensile strength would be ex

pected to have a superior ballistic 

limit. 
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Appendix A. 

Derivation of Equation of State from 
Hugoniot Elastic Limit Experiments 

In contrast to fluids, solids resist shear 

distortion. Following elasticity theory, 

the stress due to distortion is considered 

to be a linear function of the strain. There 

is an upper limit to the magnitude of the 

distortion stress, and this limit is stated 

by a yield condition. After the yield point 

has been attained for an elastic-plastic 

material, the material deforms plastically. 

A material is said to be elastic when the 

stress is proportional to strain, and plas

tic when the stress is no longer propor

tional to strain. Elastic- plastic theory 

has been found to apply very well to de

scribe the behavior of ceramics. For 

compression loads the materials behave 

like elastic solids up to the yield point. 

After the yield point has been reached the 

material has been permanently changed 

or transformed so that it no longer follows 

the original stress- strain behavior. Thus 

for a ceramic it will be assumed that Von 

Mises yield condition states the condition 

when the material transforms from an 

elastic solid to a material with a different 

stress- strain behavior. The point here is 

that it is not necessary to consider the 

material plastic to apply the theory. 

Some of the outstanding features of a 

material that has a yield stress can be 

demonstrated by considering a compres

sion wave due to one-dimensional strain. 

For one-dimensional strain in the X

direction, the stress, a , is given by: 
X 
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cr =P+s 
X X 

where pressure 

Distortion stress, 

4 (V0
- v) 

sx = 3 J.J. v 

K = bulk modulus 

J.J. = shear modulus 

V = specific volume 

In the above, P and s are both considered 
X 

to be positive in compression. 

In the model used here to describe the 

behavior of a ceramic, these equations 

apply until s reaches a maximum value, 
X 

s = 2/3 Y, where Y is the yield strength. 
X 

For subsequent compression loading s 
X 

remains constant and equal to the maxi-

mum value while P increases. The pa

rameter K is initially constant but then 

increases with increasing pressure. 

Shocks can form with this description, 

and the Hugoniot equations apply when 

the pressure, P, is replaced by the total 

stress, cr . 
X 

In Fig. Al, point A is where the distor-

tion stress component, s , has reached 
X 

its maximum value and is referred to as 

the Hugoniot elastic limit. The discon

tinuous decrease in slope at point A will 
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One dimensional strain, V 

Fig. Al. Stress as function of one
dimensional strain. 

cause the stress wave to break into two 

steps for stress levels that are between 

points A and B. An elastic precursor of 

stress level, crA, will travel at the elas

tic precursor velocity, CE: 

This stress will be followed by a shock 

traveling through the now transformed 

material with the shock velocity, ST. 

From the Hugoniot equations: 

where 

1 V=p 

For cr > crB the shock wave velocity in 

the transformed material will be greater 

than the elastic precursor velocity, CE, 

and the stress will propagate as a single 

shock. This follo~s from noting that the 

slope of the line connecting point 0 with 

a stress point above crB will be greater 
than the slope OA . 

The experimental Hugoniot elastic 

limj.ts and higher stress points were mea

sured for several ceramic materials. The 

stress waves were obtained from charges 

of high explosives ignited by a plane wave 

lens. An aluminum plate was used be

tween the explosive and the ceramic sam

ple to obtain the input stress level by a 

measurement of the free surface velocity 

of the aluminum and to obtain a flat-topped 

wave profile. The details of this experi

mental technique have been well described 
5 by Florence and Ahrens. Ultrasonic 

velocity measurements taken at a frequency 

of 10 mH2 allow the elastic constants to 

be calculated: 

Shear wave velocity, 

Longitudinal wave velocity, 

c2 = K+ (4/3),u 
E o 

p 

With this information, an equation of 

state can be made using the form described 

in the first progress report. 1 (The depar

ture from the Von Mises condition for ten

sion states has been discussed separately.) 

Figures A2 and A3 show a calculation 

of the one-dimensional strain experiment 

used to obtain the equation-of-state param

eters for boron carbide. The magnitude 

of the calculated free surface velocity 

agrees with the experiment because it was 

part of the input to the calculation. The 

magnitude of the calculated free surface 
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Fig. A2. Calculated stress-spaced profile of high-explosive-induced stress wave in 
aluminum and boron carbide. 

velocity due to the arrival of the shock 

wave through the transformed material 

also agrees with the experiment. This 

latter result is due to the theory. 

Experimental data in a form suitable 

for use in an equation of state are given 

for several ceramics in Table AI and 

Figs. A4 through AS. 
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Material 

Coors AD85 
alumina 

Diamonite 
alumina 

WESGO 995 
alumina 

Hot-pressed 
alumina 

Boron 
carbide 

Beryllium 
oxide 
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Fig. A3. Calculated boron carbide free surface velocity and. 
free surface displacement as function of time . 

Table AI. Elastic constants. a 

Bulk Shear Sound Yield 
Density modulus modulus speed Hugoniot strength 

K f.J. c elastic yo 
(g/cm3) (Mbar) (Mbar) (cm/f.J.sec) limit (Mbar) 

3.43 1.54 0.83 0.88 0.06 0.038 

3. 72 1. 93 1. 27 0.99 0.08 0.057 

3.81 2.14 1. 41 1.03 -o.084 0.060 

3.92 2.50 1. 49 1.07 0.140 0.093 

2.50 2.63 1. 65 1. 39 0. 150 0.102 

2.84 1.85 1.43 1.15 0.085 0.064 

Elastic 
impedance 

P° C 

3.02 

3.68 

3.92 

4. 19 

3.48 

3.27 

a A similar table appeared in the second progress report. Because of additional data 
since publication of that report, values shown here differ from those appearing in the 
original table . 
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Fig. A4. Experimental data for diamonite 
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Fig. A5. Experimental data for hot
pressed alumina. 
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Fig. A6. Experimental data for WESGO 995 alumina . 
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Appendix B. 

Dynamic Testing Procedure for Screening 
New Composite Materials 

Mechanical Testing of Backup Plates 

There is a need for a simple mechan

ical test to evaluate materials for use as 

backup plates in ceramic-faced armor. 

The ordinary tension test yields important 

information, but it is very time consuming 

to prepare samples; it is easier to do the 

ballistic limit experiment. The Dynapak 

testing machine offers the possibility to 

evaluate materials under load conditions 

similar to the loading from a ballistic 

impact. In this test a ram is forced 

directly into the backup plate specimen. 

The displacement of the ram and the load 

on the ram by the plate are continuously 

measured. It is recalled that the ballistic 

load on the backup plate is first applied 

over an area corresponding to the diam

eter of the ceramic fracture conoid. Sub

sequently, the load is applied by the broken 

ceramic between the projectile and the 

backup plate over an area corresponding 

to the diameter of the projectile, 0. 3 in. 

It was found that a ram with a 0. 6-in. 

spherical diameter on one end reproduced 

about the same overall deformation to a 

ceramic-faced backup plate as a ballistic 

test with a 30-calibre projectile. To eval

uate the resistance of the backup plate to 

shear loads, a blunt 0. 3-in. diam ram is 

used. 

As discussed earlier, the backup plate 

is required to have a balance between 

stiffness and flexibility. A higher resist

ance to shear is necessary for stiffer 

backup plates. Aluminum 6061-T6 and 

woven roving (REPCO) fiber glass were 

chosen as standards that characterize 

stiffness and flexibility, respectively. 

The Dynapak load-vs-displacement mea

surements for these materials are shown 

in Figs. B1 and B2. 

The tests correlate very well with bal

listic data. The stiffness of the plate is 

related to the slope of the load curves, 

Figs. B1 and B2. It is seen that aluminum 

7 07 9-T6 has better characteristics than 

aluminum 6061-T6. The corresponding 

ballistic limits for 0. 34-in. AD85 facings 

are: 

1. 0.25-in. Al (7079-T6)

VBL = 2975 ± 50 ft/ sec 

2. 0.25-in. Al (6061-T6)

VBL = 2850 ± 50 ft/ sec 

The relatively low stiffness, but very 

large deflection capability of woven roving 

is seen in Fig. B1. The G-10 fiber glass 

shown in this figure has very good tensile 

properties, but the ballistic limit was 

very low compared to woven roving. It is 

seen that the Dynapak data correlate in 

the same manner. 

The effect of using laminates instead of 

a single backup plate and the effect of 

using a smaller ring mount, discussed 

earlier in regard to ballistic performance, 

can also be demonstrated with this test. 

Figure B3 shows that the slope of the 

aluminum loading curve is reduced, and 

thus the plate stiffness, when two plates 

replace a single plate of the same total 
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Fig. Bl. Plate deflection test. 
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Fig. B2. Plate resistance to shear test . 

-37-

0.5 



12,000~---T----~--~r----r----~--~----,---~-----r---, 

8000 

4000 
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Fig. E3. Deflection of single and laminated plates. 

thickness. It is seen that the total deflec

tion to failure is the same. When two 

plates were used the ballistic limit 

dropped because of the loss in rigidity. 

Similar experiments were conducted with 

woven roving.. The total deflection at 

failure was the same for one 0. 25-in. 

plate or two 0.125-in. plates. However, 

the maximum load at failure was less for 

the two-plate experiment. The ballistic 

limit, as pointed out earlier, is about the 

same for these cases since the important 

characteristic of a fiber glass backup 

plate is the large deflection capability. 

The effect on the target ballistic limit 

for small ring mounts is demonstrated in 

Fig. E4. The smaller ring severely lim

its the important excursion characteristic 

of the fiber glass and the ballistic limit 

decreases. 

Target: 0. 34-in. AD85 backed by 

0. 25-in. woven roving 

1. 4-in. ring mount

VEL = 2780 ±50ft/sec 

2. 2-in. ring mount

VEL = 2350 ± 50 ft/ sec 

For aluminum, the smaller ring mount 

increases the stiffness of the plate, but 

decreases the excursion. The ballistic 

limit remains about the same. 

Target: 0. 34-in. AD85 backed by 

0. 25-in. 6061-T6 aluminum 

1. 4-in. ring mount

VEL = 2850 ± 50 ft/ sec 

2. 2-in. ring mount

VEL = 2900 ± 50 ft/ sec 

The results shown in Fig. 1 for 6061-T6 

aluminum were the same, within experi

mental error, when the ram velocity was 

reduced from 255 to 80 in./sec. Thus no 

dynamic effects were detected. The 

actual ballistic load, however, is applied 

at a rate of -10 times greater than the 

255 in./sec used here. {The projectile 
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impact velocity on the target is of the 

order of 100 times the Dynapak ram veloc

ity; however the actual ballistic load rate 

on the backup plate is only a tenth of the 

projectile velocity.) 

A large rate effect was found from the 

Dynapak tests with woven roving (REPCO). 

In Fig. B5 it is seen that the desirable 

backup plate characteristics are present 

only at high rates of loading. This is a 

very significant result because it points 

out that for some materials the static 

properties cannot be correlated with the 

ballistic behavior. For example, the 

static properties of the G-10 fiber glass 

mentioned earlier are superior to those 

of the woven roving fiber glass. The bal

listic results with G-1 0 fiber glass were 

very poor (VBL = 1925 ±50ft/sec com

pared to VBL = 2780 ± 50 ft/ sec for woven 

roving where the ceramic face is 0. 34-in. 

AD85). The reason is made clear with the 

Dynapak tests. Figure Bl shows that G-10 

fiber glass is inferior to the woven roving 

at the load rate of 255 in.jsec in both max

imum total load and total deflection before 

failure. 

Calculation of Rupture Failure of Alumi
num Plate 

A calculation of the Dynapak experi

ment shown in Fig. Bl for 6061-T6 alumi

num was made using the rupture criteria 

described in Appendix C. For economy 

of calculational time, the calculation used 

a faster ram velocity (0.01 cmjp.sec) than 

that used in the experiment. The calcula

tion, Fig. B6, shows that a radial crack 

occurs at the rear surface of.the alumi

num plate when the ram displacement is 

12,000----~----~--~----~--~~---r----~--~----~--~ 

-o 
g 
-I 

6061-T6 aluminum 

8000 

4000 

D =4 in. 

~0.6in. 
Vspherical ram 255 in/sec 

,....--------.....,j.-1 /4 in. plate 

fl4--4 0---..t~ 
0 ~--~----_.----~----._--~~--_.----~----._----~--~ 

0 0.2 0.4 0.6 0.8 1.0 

Ram displacement- in . 

Fig. B4. Effect of ring mount diameter, D, on plate deflection. 
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Fig. B5. Effect of ram velocity on load deflection of 1/4-in. woven roving (0.6-in. diam 
spherical ram; 4 -in. diam ring monnt). 
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Fig. B6. Calculation of Dynapak test O'l aluminum (lines show directions of maximum 
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3.5-kbar tension; line on axis is when amax > 3,5 kbar and 'Y > 0,21). 
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0. 26 in. The crack reaches the ram after 

a ram displacement of 0.33 in. The fail

ure is from the hoop stress, er(J, and, since, 

it occurs first at the axis, the crack can 

be calculated with the two-dimensional 

program. In the experiment the subse

quent failure after the axial crack is by 

•· 

-41-

radial cracks that emanate from the axial 

crack. The calculation can thus predict 

the beginning of the plate failure. It would 

require a three-dimensional calculational 

program to carry this type of failure to com

pletion, but nothing new for this problem would 

be expected from such a calculation . 



Appendix C. 

Tension Test 

There are two kinds of material strength: 

(1) a resistance to plastic flow, and (2) a 

resistance to rupture. The Von Mises 

yield criterion treats resistance to plastic 

flow and describes the limit of the elastic 

resistance where subsequent loading leads 

to plastic flow. For the materials of 

interest as backup plates for ceramic com

posite armor, the elastic limit occurs at 

strains less than 1 o/c. The rupture of the 

materials occurs at strains of the order 

of 10o/c. The strength of a material in 

armor is utilized up to the ultimate failure 

by rupture. Thus for the greatest part of 

the loading the material has already failed 

elastically and is in the plastic flow regime. 

It is important to understand the strength 

of a material in the plastic flow regime 

and the conditions for the ultimate failure 

by rupture. 

-3 2 
r = 0. 1 +5 x 10 X 

Aluminum rod: 

2 

r 

0 

The simple tension test affords an 

experiment that examines the elastic limit 

of a material and the subsequent failure 

by rupture. The experiment measures the 

elongation of a unit length of the test spec

imen as a function of the applied tension 

load. It is of interest to perform a c alcu

lation of this experiment with the two

dimensional elastic-plastic code. The 

objects are the following: 

1. To compare the interior state of the 

material as determined by exterior mea

surements on the test sample with the 

interior state of the material calculated 

by the code 

2. To establish a rupture criterion 

The calculation considered an alumi

num rod pulled at both ends by a constant 

velocity (Fig. C1). The calculation repro

duced the familiar contraction at the rod 

Mid section . -4 
X =5 x 10 cm/fLsec 

Pressure: P = -0.73 In V/V (Mbar) 
0 

Density: p
0 

= 2. 7 g/ cm
3 

Shear modulus: fL= 0.248 (Mbar) 

Yield strength: Y
0 

= 0. 003 (Mbar) 

Fig. Cl. Original geometry of rod pulled in both directions along X-axis. 
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center. It also showed that for large 

strains the principal stresses corre

sponded to the coordinate axes and that 

the stresses and strain were constant 

through a given cross section. This means 

that an analysis with measurements made 

on the outside surface of the rod, as can 

be done experimentally, can in fact de

scribe the conditions of stress-strain in 

the rod interior. 

If a length, L, is measured along the 

surface of the rod and a radius, r, is 

measured at the rod midsection then the 

natural strains can be expressed as: 

e: = r 

e: = s dr de = s dr 
e r de r 

(Cl) 

where L 
0 

and r 0 are the initial lengths. It 

should be noted that these are not the def

initions of strain used in the Hemp code. 

X 

The strain e: e is the result of the 

change in length of a lineal element in the 

e-direction where the change in length is 

due to a displacement in the r-direction. 

The concept of natural strain refers to the 

extension of an element to the current 

length rather than to the initial length. 

The volumetric strain S d:: is: 

From Eq. (Cl ): 

-43-

ln .:!_ = ln L 
Vo Lo 

+ 2 ln 

Hence, 

(C2) 

where 

V0 
= initial volume. 

In the tension test experiment the load 

is a measured quantity. In the calculation 

the stress at one end of the rod, cr d' can en 
be considered to be the measured stress. 

The stress at the rod center, crx, can be 

calculated: 

(C3) 

where rend is the radius at the position 

on the axis where the stress, cr end, is 

recorded. 

The strains, volume, and stress calcu

lated with Eqs. (Cl), (C2), and (C3) are 

shown in Fig. C2. Table CI shows the val

ues of interior parameters of the rod cal

culated by the code. It is seen that values 

of parameters in Fig. C2 are the same as 

those shown in Table CI. 



In the tension test the stress normal to 

the rod surface is zero. For elastic 

strains, the stresses in the directions of 

the coordinate axes are: 

a = -P + s 
X X 

0 

0 = 

-P + s 
r 

-P + s e (C4) 

where sx, sr and s
8 

are the stress devi

ators, and P, the pressure, defined as 

s = 21-1 (E - 1/3 ln ..Y_) , etc. 
X X yO 

P = -K ln ..Y_ 

Now, ar = a
8 

sr = se. 

vo 
= 0 since E B = € r; hence 

o~~--~--~--~~~~--~--~--~~--~--~--._--~~--~ 
0 2 3 4 5 6 7 8 

€ (10-3 ) 
X 

Fig. C2. Calculated rod garameters using exterior measurements { Eqs. (C 1), (C2), 
and (C3) with L = 0.1 and r 0 = 0.1] . 

Table CI. Parameters calculated on axis at midsection of rod (Fig. C 2). (Total stress 
is (J' -P + s x' 

etc.) 
X 

Total strain Plastic strain ln ...Y.. Pres- Axial Stress 
Time components components vo sure stress deviators 
(J-tsec) oo- 3> oo- 3> oo-3> (kbar) (kbar) (kbar) 

T !': t:r t:e t:P t:P !':~ 0 sx s se X X r X r 

A. Elastic 

4 2.045 -0.707 -0.709 0 0 0 0.629 -0.459 1.369 0.910 -0.455 -0.455 

6 3.067 -1. 058 -1.058 0 0 0 0.951 -0.694 2. 058 1.364 -0.682 -0.682 

8 4.135 -1.437 -1.437 0 0 0 1.26 -0.920 2. 764 1.844 -0.921 -0.923 

B. Plastic 

10 4.986 -1.802 -1.802 0.494 -0.247 -0.247 1.382 -1.008 3.008 2.000 -1.000 -1.000 

12 7.336 -2.982 -2.967 2.84 -1.42 -1.42 1.387 -1.012 3.012 2.000 -1.000 -1.000 

14 10.570 -4.594 -4.569 6.06 -3.04 -3.02 1.407 -1.026 3.026 2.000 -1.000 -1.000 

41 151.23 -74.54 -74.68 146.53 -73.20 -7 3. 33 2.010 -1. 467 3. 467 2.000 -1.000 -1.000 
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From the parameter shown in Fig. Cl, 

where the elastic limit has not been ex

ceeded, all of the elastic constants can be 

calculated: 

where 

Bulk modulus, 

(cr + cr + cre) 
K=l/3 x !:J.r =0.724 

Poisson's Ratio, 

Young's Modulus, 

crx 
E =- = 0.665 

Ex 

v !:!. = ln-
Vo 

(C5) 

It is easily verified that the constants 

calculated above are almost identical to 

the input constants of the problem, J.J. and 

K (Fig. C2). It is recalled that: 

v = 3 K - 2f.! and 
6K + 2J.J. 

= 0. 347 

E = 9Kf.! 
3K + J.J. 

= 0. 668 

It is seen from Eq. (C4) that sr = P. 

As the pull on the rod continues the stress 

combination at a point in the material 

reaches a limiting value imposed by the 

elastic yield condition. After this value 

has been attained plastic flow begins. 

From the boundary condition of the ten

sion test and the Von Mises yield condi

tion the stresses a.: the elastic limit are: 

S = 2/3 Y0 
X 

(C6) 

Hence 

P = -1/3 Y0 

where Y
0 

is the value of cr at the elastic 
X 

yield point. 

It should be noted that there is no limit 

imposed on the magnitude that P may 

attain. The yield condition influences 

only the magnitude of sr. The flow in the 

elastic as well as the plastic region ad

justs itself to maintain the boundary con

dition cr = -P + s = 0. 
r r 

It is seen in Table CI that as the pull 

continues the magnitudes of the plastic 

strain components and hence the total 

strain components increase. The total 

strain can be considered the sum of the 

plastic and elastic strains: 

where 

~ =e:P+~e 
""e e ""e 

E = total strain 

e:P = plastic strain 

e: e = elastic strain 

Plastic incompressibility is given by: 

(C7) 

It should be pointed out that the plastic 

incompressibility is not an imposed condi

tion, but is a consequence of the mathe

matical formulation of the elastic-plastic 
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problem. The stress deviators are func

tions of the elastic components of the 

strain, Hooke's Law. It is implied in the 

formulation of the stress deviatiors that 

the total strain is equal to the sum of the 

elastic components of strain. Therefore, 

in Eq. (C7) it follows that the sum of the 

plastic components of strain is zero. 

The above analysis considered an elas

tic perfectly plastic description for the 

aluminum rod. Experiments show that 

for aluminum 6061-T6 there is an increase 

in strength due to work hardening from 

2.5 to 3.4 kbar. The above calculation 

considered a constant mean strength, 

Y
0 

= 3 kbar. The calculation was repeated 

\Vhere the material strength, Y 0
, increased 

as a function of the intensity of plastic 

deformation, Y, so as to reproduce the 

experimental stress-strain results: 

Y
0 = 2.5+(a~y)<o.9) (C8) 

where 

a = 0.01 

El• E~, E~ = principal components of the 
plastic strain 

When work hardening is included in the 

calculation, the strain is absorbed through

out the length of the rod and not localized 

at the rod midsection as it was for the con

stant yield stress calculation. To reach 

the same elongation at the rod center as 

the calculation without work hardening 

would require an increase in calculational 

time of perhaps a factor of ten. The cal

culation was therefore abandoned after an 

elongation of -3%. The results did appear, 

however, to be following the same pattern 

as the constant yield strength calculation. 

A much more economical way of perform

ing these two calculations would be to start 

with a narrow section already in the rod 

and use a smaller length-to-diameter ratio 

than the ratio of ten used here. 

The calculations show that as the plas

tic flow progresses the plastic deformation 

in the center of the test specimen increases 

at a greater rate than the plastic deforma

tion at the outside of the specimen. At the 

time the elongation measured at the out

side of the specimen reached 12o/o, the 

experimental rupture elongation, the elon

gation in the interior of the specimen was 

""'15o/o. It is known from x-ray measure

ments made during tensile tests that the 

rupture starts from the interior of the 

specimen. 

The radial distribution of stress and 

strain is constant at the rod midsection 

up to the elastic limit. At the elastic 

limit, the stress deviator in the direction 

of pull, s , is in tension. The radial 
X 

stress deviator, s , and the hoop stress 
r 

deviator, se• are equal and in compres-

sion. As the pulling continues the necking 

of the midsection causes an increase in 

the compression of the hoop stress devi

ator, s e. There is a corresponding drop 

in the compression of the radial stress 

deviator, s , and a very slight decrease r 
in the tension, sx. The greatest change 

in the magnitudes of the stress deviators 

from the values at the elastic limit occurs 

in the radial stress deviator, sr' at the 

rod exterior (Fig. C3). 

The boundary conditions at the rod 

exterior, - P + s = 0, implies that the 
r 

pressure P must decrease in magnitude 
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Fig. C3. Calculated distributions of com
ponents of total strain, E x• E r• 
and E 0 , and corresponding 
stress deviators at rod mid
section after elastic limit 
(Table CI t ::: 41). Stress and 
strain distributions are uniform 
below elastic limit. 

at the outside boundary because the mag

nitude of s decreases. The flow adjusts r 
itself so that the load on the midsection 

"' 

remains constant; i.e., the integral of the 

axial stress, cr , times the area of the 
X 

cross section remains constant and equal 

to the value at the elastic limit. The 

result is that the pressure, P, assumes 

the quadratic dependence with radius seen 

in Fig. C4. Thus the dilation of the vol

ume increases at the rod center and de

creases at the rod exterior. In Fig. C3 it 

is seen that the elongation, Ex, is greater 

at the rod center than it is at the exterior. 
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From the calculations, when the elonga

tion measured at the outside of the speci

men reaches E ::: 0.12, the value where 
X 

rupture is observed experimentally, the 

intensity of plastic deformation at the 

interior of the specimen is y ::: 0. 21 . The 

total stress in the interior at this time is 

crx::: 3.5 kbar (Fig. C4) . 

Therefore, aluminum 6061-T6 will be 

considered to fail by rupture for y > 0. 21 

and when a principal stress cr > 3. 5 kbar. 

As pointed out above, the tension test does 

not examine the ultimate cohesive strength 

of a material because the boundary condi

tions do not permit the pressure compo

nent of stress to reach high tension values. 

... 
.B 
~ 

I 
Ill 
Ill 

e! .... 
V'l 

3.0 

cr = -P+s 
X X 

1.5 

1. 0 

0.5 

Tension 
Or-----------------~~--~~ 

Compression 

-0.5 

0 

Original radius.-------~ 

0.05 

Radius-em 
o. 10 

Fig. C4. Calculated distributions of 
stresses at rod midsection after 
elastic limit. Note: below 
elastic limit stress distribution 
is uniform. 



The one-dimensional strain geometry used 

in spall experiments, however, does not 

have this limitation. The boundary condi

tions do not affect the stress magnitude 

that the pressure may attain. From pre

vious experiments in one-dimensional 
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strain geometry the spall strength of alu

minum 6061-T6 is about 30-kbar tension. 

Therefore, the above rupture criteria can 

be supplemented with the condition that rupture 

also occurs for P < -30 kbar without affecting 

the results of the tension test calculation. 
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