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ABSTRACT -

Thin eight-ply laminated graphite-epoxy plates of a

representative lay—up (0/±45°/0)~ were damaged ballistically .

The extent of damage varied with impact velocity and impac-

tor mass. Visual and microscopic inspection was augmented

by x-ray inspection utilizing a radio—opaque dye, to evalu-

ate the extent of damage area. Specimens were then tested

in tension to failure, to evaluate the residual strength.

Damage ‘length” (in the 0’ direction) varied with impact

velocity, the greatest damage resulting from the lower vel-

ocities. Damagc~”width” (in the 90° direction) was not

greatly affected by velocity changes. Variation of impactor

mass had little effect. Residual strength as measured by

tensile tests in the 07 direction was insensitive to damage

size effects.
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I. INTRODUCTION

Advanced laminated composite materials are finding in-

creasing areas of application in structures. Where high

stiffness and high strength—to-weight ratios are necessary ,

such as in the case of aircraft construction, laminated com-

posites meet the need and offer potential savings in struc-

tural weight estimated between 15% and 30%. Of course ,

these weight savings translate into higher performance for

fighters, greater payload for bombers and transports, and

more range and on—station time for anti-submarine warfare

and surveillance a i rc raf t .

As the weight savings resulting from composite use have

been shown , and as confidence in design and manufacturing

technology has grown , the use of composites in aircraft,

especially military aircraf t, has increased dramatically .

The F-ill had a composite speed-brake. Composite leading

edge flaps were tested on the C-5A . The F— 14 production

horizontal stabilizers have composite skins , and the entire

empennage of the YF-16 uses composi~-e skins. The F-18 wing

will use graphite-epoxy laminate composite skins , with thick-

nesses at the root of 0.9 inches.

Any military aircraft may be subjected to a hostile

environment. Even transport or surveillance aircraft may

be called upon to brave hostile fire, and in doing so may

sustain ballistic damage. Thus it is important to the

designer to know the effects of ballistic damage on the

8 
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material that he intends to use in a military aircraft. A

great body of information has grown up over the years on the

ballistic response of conventional materials such as alumi-

num . Considerably less information is available on the bal-

listic response of advanced laminated composite materials.

In addition , if because of proper use of material and

good design a composite—material aircraft survives ballistic

damage, the immediate questions asked will be, “can the

damage be repaired? What size patch will be required? ”

To answer these questions the size of the damaged areas

must be known. And since composite laminates may delaminate

under impact, the extent of the damaged area may not be

ob~ r

-
~ effort to develop an appreciation of the damage

.i. by ballistic impact on advanced laminated composite

materials , especially when used as aircraft skins, the pro-

gram reported in this thesis was undertaken . In brief , thin

plates of a balanced symmetric lay-up (0/±45°/0)~ were manu-

factured , damaged on the ballistic range, inspected , and

finally tested to determine their residual strength . Un-

damaged specimens and specimens with drilled holes were used

as controls.

9



II. OUTLINE OF THE TEST PROGRAM

Since the majority of the vulnerable area of an aircraft

exposed to a ballistic threat is at least covered by a “skin ”

panel , and since skins in semi-monocoque aircraft structures

are load-carrying members of the structure , it was decided

to investigate the effect of ballistic impact on a flat corn-

posite panel, representative of thin aircraft skins. The

panel lay-up chosen was (0/~45°/0) , i.e., f i rst a lamina

with fibers oriented in the zero direction , on top of that

a lamina with fibers oriented 45° clockwise to the zero dir-

ection, then a lamina with fibers oriented 45° counter-

clockwise to the zero direction , and another zero—direction

laxnina. This four-ply sequence was then mirrored , to make

up the eight—ply symmetric laminate specified. This laminate

is both “balanced” (has a -9° ply for every +9° ply) and

“symmetric ” (+9° plies come in pairs located symmetrically ,

“n” layers above and below the laminate midplane) . As a

result, normal stress is independent of shear strain and

shear stress is independent of normal strain, and there is

no coupling between extension and bending.

Although it might seem advantageouE in many applications

to orient the reinforcing fibers in a laminated composite

in the principal stress directions , that is seldom done.

There are several reasons for this fact. First is the

difficulty in predicting loads , and the necessity to be pre-

pared for unexpected loads. These considerations dictate

10

-.—.-. -—-. ~~ - . - - - - -—-- - — ~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ 
.
~- . -



— - --------- . , . .- - -~~~,

that strength and stiffness be provided in directions other

than the predicted principal directions. Perhaps more impor-

tant is the difficulty in analyzing , optimizing, and manu-

facturing a laminated part in which lamina orientations are

free to assume any value. Current practice , then , is to

design the best laminate possible , using 0°,±.45°, and 90°

lamina orientations , only. The percentage of plies in each

of these directions is adjusted to give the desired laminate

performance. Since a wing skin is stressed mainly in tension/

compression and torsion, the orientation code chosen , (O/±45°/0) ,

is a good candidate for a wing skin material.

The experimental program undertaken was aimed at finding

a way to determine the extent of damage to an aircraft skin

which is caused by ballistic impact. ~~o factors seemed to be

of primary importance : first, what is the physical size of

the damaged area? How can the skin be inspected easily to

determine damage size? Can the size be related to projectile

parameters? And second, how much does the damage reduce the

load-carrying capability of the skin panel?

To answer these questions , the experimental program pro-

ceeded in three test series:

A. TEST SERIES 1 - SEVEN SPECIMENS

In the first series , seven specimens were subjected to

ballistic impact at velocities which varied from 1000 to

4000 feet per second in increments of 500 feet per second .

Mass and diameter of the impacting projecti le remained

11 
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constant. Each of the specimens was then examined using

four different candidate inspection techniques: visual,

ultrasonic , x—ray , and microscopic.

B. TEST SERIES 2 - THREE SPECIMENS

In the second test series three additional specimens

were damaged ballistically. For these tests the projectile

velocity was held constant, as was the diameter, but the

masses were varied. Projectile weights of 27.~~, 45, and 63

grains were used. The specimens were then examined and

damage size determined visually and with an improved x-ray

inspection.

C. TEST SERIES 3 - TWENTY-ONE SPECIMENS

The third test series involved fifteen specimens wh i ch

were ballistically damaged , and six control specimens . Bal-

listic impact velocity was varied from 1000 to 4000 feet per

second , while mass and projectile diameter were held constant.

Three of the control specimens had mechanically drilled

holes , while the other three were undamaged . Following

visual and x-ray inspection (using radio-opaque dye to

improve contrast) these specimens were tested to destruction

while under tension in a universal testing machine , to

determine their ultimate strengths .

12



III. SPECIMENS

A. MANUFACTURE OF PLATES

All plates used in the test program were constructed

from 12-inch wide rolls of UCC Thornel 300 (untwisted)

Graphite Fibers, in a Rigidite 5208 matrix manufactured as

a B-stage prepreg by the NARMCO Materials Division of the

Celanese Corporation . Sixteen—inch square plates were

manufactured in the Naval Postgraduate School Composite Lab-

oratory. The procedures set forth by the material manufac-

turer and Linnander [Ref. 1] were followed. These procedures

yielded a 65% fiber content by volume [Ref. 2]. The lami-

nate orientation code for this eight lamina lay-up (Ref. 3]

was (0/±45°/0)~ as indicated in Fig. 1. After the proper L
cure , the panels were sectioned as necessary with a diamond

cut-off wheel. The diamond cut-off wheel produced an ex-

tremely smooth edge without any apparent edge damage or de-

lamination of the specimens.

B. PREPARATION FOR BALLISTIC RANGE

The plates were cut in five-inch widths to be compatible

with the ballistic range test-bed. The test-bed (shown in

Fig. 2) allowed a five-inch wide specimen to be clamped on

it and exposed a four-by-four inch area for ballistic impact.

C. PREPARATION FOR RESIDUAL STRENGTH TESTS

After a five—inch wide specimen was ballistically impacted,

it was removed and further reduced in width to 1.5 inches by

13



cutting off the edges with the diamond wheel. As the width

was reduced, the position of the ballistic hole was kept as

close as possible to the center. Two 2 x 1.5 inch fiber-

glass/epoxy er~d tabs were sanwiched on each end of the speci-

mens. The edge of the tab closest to the ballistic damage

area was tapered to a 15° angle prior to installation . Be—

cause of the tapering of the tab , the loading applied by

the tensile testing machine was transmitted gradually and

uniformly into the specimen. The tabs were attached using

APCO 210 low viscosity epoxy resin with APCO 180 catalyst.

14
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IV . TEST APPARATUS AND PROCEDURES

A. BALLISTIC RANGE

All damage inflicted on the test specimens was done at

the Naval Postgraduate School Ballistic Range. The ballistic

facility was developed with the idea of being able to make

custom—made loads based on the reloading data that were

gathered through previous testing and retesting. These data

provided valuable information on ballistics that enabled

testing to be conducted as desired. A 22-caliber barrel was

used because it simulated a shell fragment from a near-by

antiaircraft burst, and because it allowed a great degree of

flexibility in testing. Figure 3 illustrates this barrel as

it is set up in the return—to-battery—machine rest. For a

detailed description of the range facility , see Davis [Ref. 4].

Before any test loads were made at the ballistic range a

careful study of the results by Davis tRef. 4] was completed .

These results included six “Velocity vs. Powder Weight”

graphs for the 22-caliber bullet. The graph that plotted

the results for the 45 grain bullet with the IMR 3031 powder

contained the majority of the test velocity spectrum desired .

The INR 3031 powder gives a nearly linear velocity increase

with changes in powder weight from 2650 feet per second to

4000 feet per second; however the velocity spectrum desired

was 1000 feet per second to 4000 feet per second. The vel-

ocities from 1000 feet per secc~id to 2650 feet per second

had to be obtained without the aid of previously tested data.

15
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I
Attempts to achieve velocities below 2650 feet per second

with 1MB 3031 powder initially proved to be inconsistent.

It was concluded that the small amount of powder in the

large case caused incomplete burning in most cases. By in-

serting one—half grain of dacron filler and lightly taznping

it in the case after the powder charge was loaded, consistent

results were obtained from 1400 feet per second to 2650 feet

per second with the 1MB 3031 powder. To reach the 1000 feet

per second velocity, a pistol powder , UNIQUE, was found to

be effective. UNIQUE is a fast burning powder that gives a

short duration pressure build-up behind the bullet; hence

a lower velocity. As when using a light charge of 1MB 3031

powder, a one—half grain of dacron filler was necessary to

give consistent results with UNIQUE.

Previously tested data were available when chanaing the

mass of the projectile. The 27.5 grain projectile was loaded

with 1MB 3031 powder while the 63 grain bullet used 1MB 4320

powder. Other powders and results were available to use but

the 1MB 4320 powder, like the IMR 3031 powder , gives nearly

linear velocity changes with powder weight changes. With a

nearly linear velocity vs. powder weight curve, small modif i-

cations in powder weight could be made with predictable

results.

Once a desired velocity and mass combination was reached ,

two additional practice shots were fired to confirm the

desired velocity . In some cases , slight modifications to

the powder weight had to be made. Again , two additional

16
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shots were fired to confirm the new velocity . By using this

iterative method, the specimens were able to be impacted at

the desired location and with the desired velocity .

I
B. INSPECTION

1. Visual Examination

The plates were examined visually and damage measured

using a dial caliper on both entrance and exit sides. See

Appendix A for results.

2. Microscopic Examination

During the first test series the damaged specimens

were cut transversely through the center of the hole, and a

section along this line was removed for examination. These

samples were mounted in cold-set plastic and polished for

microscopic examination . Figure 4 shows a specimen ready

for the microscope. The samples were examined and photo-

graphed at a magnification of 80X. Typical results are shown

in Figures 5 through 11.

3. Ultrasonic Inspection

Specimens ii’. the first test series were inspected

ultrasonically using an Automation Industries, Inc., Sperry

Division , Model UM-77l Ref lectoscope Ultrasonic Testing

Machine . The machine was equipped with 2 . 2 5  MEz and 5 .0  MHz

zero degree transducers. Also 2.25 MHz transducers with

sound input angles of 45, 60 and 90 degrees were available.

All possible combinations of transducers were tried. The

difference between the damaged and the non—damaged area could

not be detected via ultrasonic testing.

17



Direct liaison was conducted with a well-known f i rm

that deals in ultrasonic testing. This firm felt that the

frequency range of the available equipment was too high.

A frequency of 1 MHz or lower yielded excellent results on

their equipment. Because of the available equipment, in—

house ultrasonic testing was terminated .

4. X-ray Inspection

Two types of x—ray machines were used. For the

first series of tests a General Electric LX-40 Portable

Industrial X-Ray Unit was used. The minimum intensity and

duration setting of this device is 70 kilovolts and 10

seconds. At this setting the x-ray photographic plate was

so washed out that it was difficult to detect the specimen ,

let alone any damage to it. Use of this machine was termi-

nated after the first test series .

For the second test series a more sophisticated x-ray

machine, a Phillips Model Super M-80, was used. This has a

much lower intensity capability (45 vice 70 kiiovolts) and

has an automatic duration control. In the automatic mode

the duration of the x—ray exposure is controlled by an

exposure sensing device in the vicinity of the photographic

plate; for the specimens used in these tests the automati-

cally selected duration was 11 milliseconds , as compared

with the 10-second minimum exposure of the industrial machine !

Results of these inspections were usable , but only with

difficulty . Contrast was weak , but it was possible to make

out the outline of the damaged area. Next , a radio—opaque

18 
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• dye (a 29% solution of iodine in meglumine diatrizoate and

sodium diatrizoate) , was injected into the damaged area.

This solution greatly increased the x-ray absorption where

present, and thus improved the contrast dramatically. The

• resulting x—ray photographs are easily readable, even by

the untrained observer. Figures 12, 13, and 14 compare both

x—ray and light photographs of the same specimens , while

Figures 15 through 19 show x-ray photographs of the speci-

mens used in the final test sequence . Note that the x—ray

photographs show a dark ring of delamination around the hole

as well as splitting and delamination in the 0° direction.

This delaminated ring was confirmed by sectioning and micro-

scopic examination.

C. TENSILE TESTS -

The tensile testing done in the third test sequence was

conducted in a 300,000 pound RIEHLE test machine set at a

15,000 pound maximum scale. The specimen width corresponded

to the width of the machine t s jaws , which helped in specimen

alignment. Once the specimens were aligned , the machine was

started and loading commenced at a rate of .025 inches/minute .

As the loading continued, the fibers above and below the hole

that were previously delaminated due to ballistic damage

began to separate further outward from the specimen. There

was no apparent delamination of the other fibers at this point

4 but the previously damaged outer fibers protruded from the

specimen further as the load increased. The loading continued

and the fibers protruded further until the specimen broke.

19 
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The maximum loading at failure was recorded . Figures 20,

21, and 22 illustrate the sequence of events leading to and

including failure of a specimen . Thtôut~r laminae of the

composite specimens (0° direction) wer~~the only laminae

that experienced this separation and protruding. The second

ply (45° direction) appeared to remain thtact until final

failure. The three mechanically drilled control specimens

also experienced this separating and protruding above and

below the hole, even though they did not have any prior de—

lamination caused by ballistic damage. As loading was applied

to these specimens they reacted the same way as the ballis-

tically damaged specimens behaved up to and including failure.

The undamaged control specimens showed no sign of physical

change while being loaded until they broke.

In the specimens tested that contained holes , which in-

cluded damaged and drilled holes, the fracture line was at

the hole or within the influence area of the hole. By

passing a +45° line and a -45° line through the center of the

hole and noting where these lines intersected the edge of the

specimens, the influence area of the hole could be described.

All the lines of failure passed within this 1.5 inch—by—

1.5 inch area.

20 
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V. DISCUSSION OF RESULTS

On the basis of the experimental work undertaken in this

program some general observations concerning the behavior

of laminated composite plates subjected to ballistic impact

can be made.

When a graphite-epoxy plate is subjected to ballistic

damage, the resulting hole is round but not smooth, and the

material at the edge of the hole is delaminated. Fibers in

the outer lamina on the exit side, which were broken by the

passage of the projectile , tend to delaminate and separate ,

and this damage extends for some distance from the hole in

the fiber direction. Fibers which are not broken by the pro-

jectile, on the other hand, do not delaminate, except perhaps

in the immediate vicinity of the hole. In addition , only

fibers from the outermost lamina delaminate and separate;

fibers from the 45° laminae , although broken , did not delami-

nate, except in the immediate vicinity of the hole. Thus

the damaged area is roughly elliptical in shape, with the

major axis in the direction of the fibers of the outer exit-

side lamina. Figures 23 and 24 show the variation of damage

area with projectile velocity . As can be seen, the damage

area decreases as velocity is increased . In addition , at

low velocity the separation of the fibers was very pronounced.

As the velocity of the projectile increased up to the maximum

tested velocity of 4000 feet per second , the separation of

the fibers became less but was still visible .

21
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The ef fect of mass variation did not appear to be a

major factor in damage area or extent of fiber separation

due to ballistic impact. The damage done to the specimens

was nearly uniform for the three masses investigated.

Figures 12, 13, and 14 depict the variable—mass specimens

and the damage experienced .

In the third sequence of tests, in addition to evaluating

the visual and x—ray damage inspection procedures , a com-

parison was made between the residual strengths of ballis-

tically damaged specimens and the residual strength of the

control specimens. To compute the average stress at failure

it was necessary to know the cross-sectional area remaining

after ballistic damage. The net width was measured on the

specimen , with the width of the damaged area being determined

either visually or by x—ray means. The thickness was assumed

to be 0.040 inches , based on an average laxuina thickness of

0.005 inches. Small variations in the thickness of laminates

result primarily from changes in matrix thickness; fiber

content remains constant. Thus, it is the thickness of the

low strength , low modulus component which changes, and the

strength and sti f fness of the composite, and the stresses in

the fibers, are not appreciably altered. Therefore , for

comparisons between laminates of the same lay-ups experiencing

the same loading it is common practice to use a nominal thick-

ness based on an average lamina thickness.

Figure 25 shows the variation of the residual strength

with visible damage area. This plot shows that the ultimate

22
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average stress (“residual strength”) across the material

remaining after damage is nearly constant, i.e., is independ-

ent of the ballistic damage area. The residual strength

level shown agrees within 1% with the residual strength

exhibited by the drilled—hole control specimens. The loss

in strength produced by the hole averages 5%; this result

compares favorably with previous work [Ref s. 5, 6] which

indicated a loss of strength of about 10% for ballistic

damage. It should be emphasized that “strength” or “residual

strength” used in this context refers to the ultimate average

stress rather than to the remaining load-carrying capability

of the specimen. The latter quantity depends upon the amount

of material remaining , i.e., upon the width of the specimen

less the width of the damage area; the smaller the damage

width, the greater the load-carrying capability remaining .

However, regardless of the size of the damaged area, or of

the damage width , the average stress at failure for the

ballistically damaged specimens was essentially constant.

Figure 26 shows the variation of residual strength with

x-ray detected damage area. Again the ultimate average

stress is essentially constant q but in this case the residual

strength is greater than that of the undamaged control speci-

mens. Obviously ,  this finding cannot be correct: the explan-

ation is that fibers which have been delaminated but not

broken around the hole are included in the damaged area shown

on the x—ray picture . These fibers actually do carry load ,

— 
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---.-- . -.
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-

~~~~~~~~~~~~~~~~~
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but are considered to be removed when calculating residual

strength based on x—ray information. The x-ray data, then,

result in an overestimation of residual strength .

Figure 27 plots residual strength vs. projectile velocity

and shows that the residual strength is essentially independ-

ent of the velocity of the impacting projectile. Figure 28

shows the variation in visible damage width as a function

of projectile velocity , while Figure 29 shows the variation

in visible damage length as a function of projectile velocity .

Consideration of these figures leads to the conclusion that

for the specimens tested and the loading scheme (i.e., uni-

axial tension) used in this test series, damage length has

little or no effect on residual strength . Since projectile

diameter was not var ied , and velocity changes had little

effect  on damage width , the effect  of damage width on resid-

ual strength was not determined . Changes in projectile

velocity did cause changes in damage length , but as can be

inferred f rom Figure 27 , these changes in damage length did

not result in change s in residual strength .

This does not mean , however, that there is no need to

know the extent of damage in the tensile direction , and the

extent of delamination around the hole. Even though the

results of the static tests conducted were not affected

noticeably by these damage parameters , in actual use other

types of loadings, including compression and shear loads,

occurring in varying cycles and intensities, can be expected.

The damage around the hole can be expected to nucleate further

24
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damage under these fatigue loading conditions, unless prop-

erly repaired. Thus it is of interest to know the extent

of the damage experienced , even if it does not affect the

static strength of the specimen greatly . The x—ray inspec—

tion technique used in this program is a way to determine

the extent of the damage around a hole, including the delami-

nation which is not visible at the surface.

L ~. - 
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VI. CONCLUSIONS

A. The velocity of the impacting projectile has a major

effect on the size of the damaged area produced by a ballis-

tic impact on a thin , flat, laminated composite panel.

Lower projectile velocities produce much more separation of

fibers and delamination at the exit surface than do higher

velocities.

B. The velocity of the impacting projectile has little

effect  on the residual strength in tension of the damaged

graphite-epoxy plates .

C. There is little or no d i f fe rence  between a drilled hole

and a ballistically-produced damage area of equal “across—

load” diameter when comparing residual strengths.

D. Projectile mass variations (with projectile velocity

and diameter held constant) had no apparent effect on the

size of the damaged area.

E. X-ray inspection can provide a relatively easy and

accurate method for evaluating the extent of internal damage

in a composite plate, provided a hole exists which will per-

mit the introduction of a radio—opaque dye such as was used

here. If no hole exists, detection of internal damage by

means of x—ray examination is more difficult.
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VII. RECOMMENDATIONS

A. The fiber directions of the two outermost plies on each

side of a laminated composite panel should be different,

so as to control delamination and separation of fibers and

thus localize damage in the event of ballistic impact on

the panel.

B. X-ray inspection techniques utilizing radio-opaque dyes

to enhance contrast in areas of damage should be investigated

further.
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Figure 1 - ORIENTATION OF LAMINA ON TEST LAMINATED PLATE .

28



- - - -~~~~~~~~~~~~~~~ -~~~~~~~~~~~~~~~ ~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ ~~~~~~~~~~~~~~~~~r~ 
- -

~~~~~~~

--

. .
~ 

.
~ ‘~~~ 

-.
~~ 

• . -. .~ 
‘
~~~s ~~

. • ~~~~~~~~~~~~~~~~~ 
. 

•~~~ 
- 0 ;  . -<V ~ • .~ 

• •
~~ ~ ~~ b.:~~~ 

-
~~~~~~S~~~ 

S~*~~~~~~~~~~~~ \ /

~
‘

~ It4t~~

• : 
S

~ ~~~~~~~~~~~~~

~ - -
S

4-
• - . . 4

S ~~~~ .. .
S ~ ~~~~~

S . S~~~

*4

Figure 2

BALLISTIC RANGE TEST-BED FO}~ GRAPHITE-EPOXY SPECIMENS

29



~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ 

It
1k ~

- - * 
~~~~~~~~~~~~~~~~~ 

~~~~~ 
-

-S -~~~~~

~4 4
- ~~~~~~~~~~~~~~ El

5 

S
~~~~~~ S 

I >~- .-~~~~~~~~~~~~~ __
- - ..~~ - C)

I
- ~ 5_ _ 

. - -
~~~~~~ 

S

>~4
~i~ ‘~~~~~~S ~~~ - ~~~~~~~ 

<- k- S
S ~~~ ~~~- 5-S

5
f~ S

- - - - - - •5* . El
- 4:

/

S. 
-

- - 
-
~ 

-
~ 

S . 
- -

:~~~~~~~
- -

.
- - 

~~~~~~~ - El
S.~~~~~~. -; .

~~ 
5

5 
:- 

S 
~~~~~~ 

S
~~ -SS5~~

a ~- -S 
~~~~~~~ - - -s ~~S -- - . -~~~ - b~

1 ¼ -  ~~~~~~~~~~ -

.~ ~~~~~~S / ~~~
- - - -

- 
5 ~~.

~: S - - - 
~~~~~~~~~~~~~~~

k

30



I

2 ~~

1;
1 I~Y4f~

Figure 4 - A SPECIMEN READY FOR THE MICROSCOPE

31

~~~ iI_ ~~~~~~~~~~~~ —. —5.—-— -—- 5 - - . - -.- — -  - ——-— — 5 —--— - 5 - . — --—- -~-..—-—. .-
-,1.-----. _ ____J



5 - ;  — --— - - 5 . — - - .  -. . - -- -- --—-— -—-— -.- 5- --

~ ___________ _________

- •_ _ 5 .•_ S~~

zy

2.-3 
___________________

ENTRY SIDE EXIT SIDE

ENTRY SIDE

EXIT SIDE

Figure 5 - MICROGRAP H OF SPECIMEN DAMAGED AT 1014 FPS

32



- ~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ ~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ ~~~~~~~~~ ~~~~~~~~~~~~~~~~~~~~~~~~~~~~ ~~~~~~~~ - .- 

~~~ 
S

~~~~~ ~~~~~~~~~~~

~ ~~~~ •-‘

.5. ~~~w-~ -‘ ________

________________ ~~
________ 

_____ ______ 

2—Z

ENTRY SIDE EXIT SIDE

ENTRY SIDE

______ 

- ~~~~~~~ - 
~~~

~S~~~~~~~~~~~~~~~~ * ~~~~~~~~~~~ - ~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ - - - .~,- --

~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ 
- - 

____________ - -. - 
.1.,. -

~ ~1,j~y’ ~~~ ~~~~~ .11 -
~_______ ‘S

~~ 
- -

____________________ - - 
* --
~

-t_ 5

*
I’

______________ 

- - 5 5.

- ~S -5 -
- - . 5. 5~

_
5

___  

_____ S. 
-

~u1~~
EXIT SIDE

Fi gure 6 - MICRO GRAPU OF SPECIME N DAMAGED AT 1410 FPS

L . - .



-

, 

~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ 5.55.5-~~~S-5~~~~5- 5-~5 - 5 - 5 .~~~ •~ -~~~~~~~

- .

-. 2 ~r ~~~~

P9

2-1 -
-

ENTRY SIDE EXIT SIDE

ENTRY SIDE

_____ 
~~~

- ~~
. ..~• ~S.~~~~~~~~~~SS . .

______ -~ . 
- .

,
~ 

________ 

- . -‘

— 
..

_ 
.5. 

- .

~

.- . -  
• 

- .- ,
-

EXIT SIDE

Fi gure 7 - MICROGRAPH OF SPECIMEN DAMAGED AT 2019 FPS

34



F- 
- —--- - -- ~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ 

— —

____ 
-
~~~~~ 

- ~~~~~~~ . - 
~~~~~

. .S
~

~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ ~~~~~~~~~~~~~~~~~~ ~~~~~~~~~~~~~ ~. 
j
~41~. ~

~~~~~~~~~~~~

_____ ~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ *~~
5x#fr1 -5~S~~

. - -. -

_____ ~ 
~~~~~~ 

-

~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~

- 5

Th~~~~~~

ENTRY SIDE EXIT SIDE

ENTRY SIDE

~~~~~~~~~~~~~~~~~~~~~~~~~~~~ ~~~~~~~~~~~~~~~ ~~~~

~~~~~~- — 
~~~~~~~ ~~~~~~~~ - ~ ~~~~~ ~~. ~- 5 

~~~~~~ ~
- 

• _ -
~~~~~~/~~~~~~

-~ ~~~~~~~~~ ~~~~‘S •
~~~~~~~~~ - . •~~~~ ‘S~~~~- .

- 
_ _~,S

. 
~~ •? -;

~ 
- .•4 ‘~ 

- 
~~•

- - - , 
. ‘S 

5 -

- 5*.’

EXIT SIDE

Figure 8 - MICROGRAPH OF SPECIMEN DAMAGED AT 2471 FPS

35



_ .

5 

- --5- 5-- - - - —5 . -. - —

_______ _____ 
- _____ 1-3 _____

* ___
-~

5.
~~~..I

ENTRY SIDE EXIT SIDE

ENTRY SIDE

S 

-
~

-‘ 

;:-: 
~

• 
... ~~~ ~ 

•

EXIT SIDE

Fi gure 9 - MICROGRAP H OF SPECIMEN DAMAGED AT 3123 FPS

36

- ~~~~~~~~~ 
.—~~~~~~~~~~

. -



—5- - 

~~~~~~~~~~~~~ _ _ _ _  

— --- •— --—5.--_-—5-•. --

4~~~T ~~~~~~~~~~~~~~~~ -

_______

~~~~~~~~~

. Tmg3~~~ - 3~ _____

5’
.

—’

_____ _ _  

i-z _________

ENTRY SIDE EXIT SIDE

ENTRY SIDE

5 - 
-

5
1 

~~~~~~~~~~~~~~~~~~~~~ 5

• 5

5
5 

~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ 

~~~~~~~~~ •

-
- ~~~~ ~~~~~~~~~~~~~

5’‘S.-

EXIT SIDE

Figure 10 - MICROGRAPH OF SPECIMEN DAMAGED AT 3487 FPS

37

—~~~~ — - —- —— —5 - — - - —. ~~~~~~~~ - S_ ~~~~~~



1Ti I~~ Ii~~
---—-- ’

~~ 
5-,

!,

•.-5~~ -~~~~~ ______

_____ - _______ _____

ENTRY SIDE EXIT SIDE

ENTRY SIDE

- ,

‘5 
— 

5 - 
. 

- ~

-S
- 

-

~
5
~~~~~~~~~~~~~~~

- 

~~~~

.

.
5*~

-

-S 
55 

- 
- 

- 

5__ -S*~

5’ 
5. : 

- 

5

EXIT SIDE

Figure 11 - MICROGRAPH OF SPECIMEN DAMAGED AT 3978 FPS

38



p.- --- 
-

____

~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ ~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~

~~~~~~~~~~~~~~~~~ ~~~~~~~~~~~~~~~ ~~

~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ ~~~~~~~~~~~~~~~~~~~~~~~~~~~ Z~~’ ~~4 ~~~~~~~ 
S

~~~~~~~~~ !-~~~ Pdj 11 T~*~*s~ 
- 

________ 

-

_______ 

‘
S 

___________________ - -

-. 5

_ _  

-~~~ - -

ENTRY SIDE EXIT SIDE

/

- ~~ ;. - - • :- - - - - ~
. .- . - — S - -

X-RAY (DYE USED)

Figure 12 - COMPARISON OF X-RAY AND PHOTOGRAPH OF SPECIMEN
DAMAGED AT 3407 FPS

39

_ _ _ _  -~~~~~ - — —- 5 - - 5 -  ~~~~~~ • - - - -- -~~~~~~~~ —--5 - - - - - -- — -5--— - ---- 5-——— - - ______



S 

~~~~~~~~~~~~~~ ~~~ 5T~~~~~~
5. ~~~ ~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ 

—--5. -•.5-- -5--_ -5- ~~~-- - - 5-5- - 5 --- 5-

~~~ I—-.
~
. 

-
~
-

~~~
---

~~~~~~~~—  ~ 

-

~~~~~~~~______ 5_JI_ 
~ 

• I:~~~~
_ ,-._ 

S ~ ~~~~~~~~~~~~~~ 55

~~~~ ~~~~~~~ ~~ _______

~~ w5’~-S~ 7~*~ ~~J l l*s~s~’Z4-S4~ _______ _____

ENTRY SIDE EXIT SIDE

- ~~~~~~~~ - ~~~~~~~~~~~~~~
‘5

‘5 -‘5 55 \ s~s•~ ~\5~ 
~~

:

~ ~~~~

~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ \\-55- 5’

x-RAx (DYE USED)

Figure 13 - COMPARISON OF X-RAY AND PHOTOGRAPH OF SPECIMEN
DAMAGED AT 3296 FPS

40

- S -- - -— ~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~



r—- --- - -  -5 .- - . - -  — -- - -5  _

~~ ~33~$FY~s 
~ ________________

~~~~~~ ~~~~ ~~~~ ______

________ ~~-S

ENTRY SIDE EXIT SIDE

~~~~~~~~~ ~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~

~~~~~ 
‘S ~~~~

~~~~ 
-
~$~

.- - 

- ~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ 
~~~~~~~~~~~~~~~~~~~~~~~~~~~~~

‘5~s ‘5 .~~ 5’~~~~
S. 

S 5’ ~~~~~~~~~~ 
5s555 ~~~~~~~ ~

~~~~55 ‘5 ‘5 \ 5’~s * ~

~~ -~~~~ ‘5 ‘
~~~•

‘
~~*~~* ~~~~~~~~~~~~~~~~~~~~~~ 

-* ~~~ -

~~ 55
’S

’S
’5

- 5’

5’ 
‘5 

‘S

5. 5’
- - - . - • -  - -  ~~~~~ s ‘5 5 5 5 5 ’ ’

- .‘ -5- - - - • - -
- - - -  - -- -~~ 5”5•  .5.. _

’~~

X-RAY (DYE USED)

Fi gure 14 - COMPARISON OF X-RAY AND PHOTOGRAPH OF SPECIMEN
DAMAGED AT 3348 FPS

41

L --_ - --~~~~~~~~~~~ 5. ~~~~~~~~~~~~~~~~~~~~~~~ -- - -  -~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~



,,—. -5--- - - S 

~~

5.

~~~

_ 5.

~ ~ 
S :i: ~~~~i~

-
~ 

S 
~~~~~~~~~~~~~~ 

— -5- 5 - 5 - -  5- 5 -5 — - 5 -.- 5 - .  

~~____I~~~~~~~~~~ 
~~~~~~~~~~~~~~~~~~~~~~ 

S S S 
~ 5, 55

~~~~~ ~~~~~ 

•-S
%~

~~~~~~~~~~~~~~~~~~~ :- ~~

- 

~~~~~~~~~~~~~~ 
‘
~~w: -~~~~~~~~~~~~~~~~~~~ ~~~

5
~%;_, 

~
, 

/~~~-S55S
/

~~~~~~~~~ 
S 

~ ~ 5~~ 5~~~ ~ ~~~~~~~~~~~~~~ 

- 5 ’ -- 

‘-~
.
~1~~ :- 5

—

_ ____ 
-S.f 5’ 5’ .5.4

~~~~~~~~~~~~~~~~~ 
~~

5
~

-
,
/ ~ ~~~~~~~~~ ~~~ i,~~~~~

I
~~~~~

S . 

~~~~~~~~ 
-y

~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~J 
~~~~~~~~~~~~ 

~~~~~~~~~~~~~~~~~~~~~~~~~~~ 

~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~

A. DAMAGE AT 980 FPS B. DAMAGE AT 993 FPS C.DAMAGE AT 1046 FPS

Figure 15 - X-RAYS (WITH RADIO-OPAQUE DYE) OF DAMAGED SPECIMENS

_ _ _ _ _ _ _  _ _ _ _



rr
~ 

S _ - — - - - 1LT - ~~~~~~~~~~~~~~~~~~~~~~~~~~~~ 
- - - - - -5  - .- --.— _----• — — — - -5- — -- .—- .——--

5’5-5’S 
~~~~~~~~~~ ~~ ~ 

- - ~ S ~ ~
S ~~~~~~~~~~~~~~~~~~ - 

- -:~ -~.- : ~ 
- - - ‘

~ 5,
‘-S ‘5~ 5-

- S 5’< ~~~~~~~~ ~~ - - ~/5  ~• 5  -~ S ~ ~ 
..s.5: S ..-:‘

5 - S-S

- - -S’ S ‘S’5’~~5’~~~ ~ -S S ~ ‘5 5 s: .
‘5 -5

~~~ :5
’-S>’
~c~

~~~~ 
‘5- c -

~ 
~~~~~~~~

h --S 
~ 

5’
~~~~ 5- 

-55

- -.~~~
- - - - --* S ~~~~~~5’>- 

- - -
-“ --

- -
-
~~

- -
- ~ : -

--S 
S. 5’ ’S ~~~~~~~ .5

S~_
-5~ ‘S

-5*~5 
-S

;~~
QS’ 

55

5’ ,~
SS 

-S

S

~~~~~ 
5’

~~~~~~~~~~~~~~~

-S

5’
/~~~~~~~~~~~~~~ 

5’
5’

- 

~ 1~~
T
~~~~~~~~~

”

’ 

-
.
~~

--
-
-

~~~ . .L: ~~~~

.5

~ ~~~~~~~~~~~~~~~ -S 

-

A. DAMAGE AT 2033 FPS B. DAMAGE~~~ 2058 FPS C. DAMAGE AT 2 03 1 FPS

Figure 16 - X-RAYS (WITH RADIO-OPAQUE DYE) OF DAMAGED SPECIMENS

43



r—-~ 
-

~~~~~~~~~~ 

TT~~~~~~~~:J~~~~~~~~~i T J ~~~~~~ 

— ..---_- _ -. 

~~~~~~~~~~~~~~~ 

S 

~~~ 

.5.- -

S. 5
~ •;~~~~~~~~~~~~ it5’ S S 

~ ~~~~~~~ 
S S S • ~ • ~

5. s •SS5.5 

~~~~~~~~~~~~~~ 
• ‘

~
•
~ ~

-S

~ ~~~~~~~~~~~ .5 5-~ :
~5 5 

~ 
5, ~~~~~ ~5 ~555 

~~~ 

••~~ 

55.’ 
.55 ~~~~~~~ ‘

~~~~~~~~~~~~~ ~;• ~~~~~~~~~~ 
.55 ,. ~

S 
• 55~~ 5’ ,5• 5,.’ ;~ 

S S ~ ~~ • “ ~ ‘ -S > ~ sy5’z .,-.‘~s*-S ~
5

, 

- , 
-

~~ 

S. •. 

~~~~~~

‘S “ 4kd~ - ,•- - 
- -

- - , ~~ 5.5~~%~~s~~~,
5 

S~~ 
- - - - —

/5 

$
~~~~~~~~~~ S*~~~~ ~P 5

4 
,, --S 

/* /~.5~-S 
~ 

/ 

/ ‘S-
5 5 5 ~ ~~~~~~ 

.5 ) ~
4
~’q 5’ /,, ~~

•,, ~~~~~~~~~~~~

~~ 
5 

4 ‘S 5
5

/ 
‘S*~

~~y-  

~~~~~ ~
_ _
~~1~

_y • .
455 4*5.

5 
~
S4 

.5

- ‘.5-. 5 5 s  ,/ /  ./ ~ 
5’ , - 5 F/~M /~~~~~~~ S~S5 -, -

~~~~~~~~~~~~ ~~-;:j - 

~

‘ 

- -

- r,*~~~~ ~ - ‘ ,~ >‘, ,.• s /, -S Z/ 5 ~, 5 5 5 5 ~~ -

~~~~~~~~

55.~~*’ 
- >

. 
- -

S -

A. DAMAGE AT 2982 FPS B. DAMAGE AT 3026 FPS C. DAMAGE AT 3098 FPS

Figur’~ 17 - X-RAYS (WITH RADIO-OPAQUE DYE ) OF DAMAGE D SPECIMENS

- 44

-S 5 5 5  -- 5- — —-5
- -~~~~~~~~~~ 5-—~~~~



- -  
5-.,

‘ 5”  
5 

.. 
S -S _________

~~- 

~~~~~~~ ________ 

/ 

.5
5’ .. 

____  
/

~~~~~~~~~~~~~~~~~~~~~~~~~*

- 
5
-. ..5 ’

.S 5 “ 5
- 

- . ____________ 5 -

5. 55:~ 
5 4  5’: 

‘ -
S ‘ 5 __________ 

5 
5 . .,

- 
- 

S - -

____________ .5 --,
~~

5- s ’ :.’’ . ‘.- . -
- - S - - - 

S 

~~~~~~~~ -~- - - 
_______ 

. ~~~~~~~~~~~~~~~~~~~ ~~~~
_ __  

.4
- ~*-~)-4~.•- ’- : . —

4

555’

____ 
____ 

4
- - . 

~~~~~~~~~~~~~~~~~~~~~~~- - 
., ~~~~~~~~~~~~ -

1.4

- -5 ‘ S .-S
~

5 . S
~~

S S
- - - S S 

- ‘S4~~S ~~~~~~~~~~~ :è . -‘S .’ :\. - 

S 
- 

~~~~~~~~~~~~~ S ~~~~

A. DAMAGE AT 3534 FPS B. DAMAGE AT 3517 FPS

Figure 18 - X-RAYS (WITH RADIO-OPAQUE DYE) OF DAMAGED SPECIMENS

45

- - - -5.5.-— - - - 5 - - -- — -5- - - — - --—
~~~~~~~ --- - - - - - •- - - - — •S - — -5 -- - - .-



~~~~~~~~~

- - -—-- .-- 1 j_____ 
~~~~~~~~~~~~~~~~~~~~~~ 

~~~~~~~~~~~~~~~~~~~~ - - ~~~~~~~~~~~~~~ - - -- —-- -

S 

~~~~~~~~~~~~~~~~~ 
~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ 

_ _ _

~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ 
~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ 

-S 

_

~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ ~~~~~~~~~4:~~ -~ 
_ _

_
_ _

~~~ bU~~ ~~~~~~~~~~~~~~~ _ _  
_ _ _ _ _

~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ 5~~S~~~
5555’

> 

~1 
___

!!b~
5’
~~ha 

~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ 
____ 

-S

I’ ‘5’ 

~~~~ 11 -~~5”~- 
‘5 

.

~~~

-

~~~~~~

5’

1~~

’5S. ’k5 

S 

~ , 
5
5’ 5

-S 
‘5 -S

~ ~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ 4
‘ 

S ~~~~~~~~~~~ S’S 

~ ~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ 
r~

• 
~ 

--S

-‘
5’

5’~ ~‘S55~~~ S5’$.  ~5 - 
~~~~~~~~~ 

5. 
-
- 5’ 5’

A. DAMAGE AT 40~~9 FPS B. DAMAGE AT 3994 FPS C. DAMAGE AT 4058 FPS

Figure 19-X-RAYS (WITH RADIO-OPAQUE DYE) OF DAMAGEDSPECIMENS

46

- -5 - - --— -- --5--—



r’
~
’•- -~~-— - -- -— - 5.- 

• 5

S

5
~~

5 5-_ 
~ S ~~~~~~~~ 

- 
~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ 

S 5. -5_~~5~ 5~ ~ 5— - — 5 - - - -  - - - - -- -5.-- --—,

“5 \ _____

:“ • 

S

-S 

, 
S

S ~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ 5’
-5 5’ 

55 5” ‘5’.c~~
S 5’/5:55”S1•5’S ’ 5  ~~‘ 5’-

\ 
~~~~~~~~ 

S.

. S 
~~~~~

\5SS
~~• ~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ 

5 5

_ _ _  ~~ 5’
~~ ~~~~~~~~~~~~~~~~~ 

-
~‘ 5- 

5 5/

t
SS 

~~~~~~~~~~~ 
*.~ ~~~~ -~_ -5

___ 55 

.5 
\ 

-‘

.5 \ ~\~~~~~~~~~~~~~~ 55 ~~~~~~~~~~~~~~~~~~~~ 

~4 

~F:zi’~ 
555

‘5 

~~ ~~ ~~~~~~

;‘S 
5’

~~~

~~~~~~~~~~~~ 5-. \f -S 5’

55
‘55’ S5’

_____ 
- 

‘S
.J~~ S • . •~~~~ 5’ 5’~~~~~~’S.~ s~~~~~~~~~~ 5 5 ~~~~~~~~)

_ _ _ _ _ _ _ _ _  

k . 5 5 5

_______________________ -5 
\\Wl

~~
S :5 ’  ~1

‘5 5’ 

‘5’- ‘5 S. >, ~~ 
1

- “5- ‘ — ~s s - ~~‘ *4 5 ’,~~~~’ ,
_____ _____ - 

S 
~~~~ - 

55 

5

S - 5 ~~~~~ 5 5. 
- -$ ‘ S S l 55~~2~~~~~~ 5’~4

-
S 

- -  
- -‘ •: - -

- - .5 -

- - - • - ~~~~~
,>s4 ~~~

>s<’ .  -

——~~~~ 

k 

-

A. 0* LOAD 
-

F B. 1000# LOAD

C. 2000# LOAD

Figure 20 - TENSILE TEST LOADING-TO-FAILURE SEQUENCE

47



r~
- — - - S .-  

~~~~~ ~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ 
- ---

I

~~~~~~~~~~~ ‘S
5
~~~~

~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ 

-5’ 
5 ‘5

__ _  

~~~~~~~~~~~

\

______ 
S ~ S ~ 

S

‘ \\ ~~~~~~~~~~~~~~~~~~~~ 

5-5’

~~~~~~~~~~~~~~~~ 
5’

~~~~. 
\.5~~ 5’\\ \ $ ‘ S5’ 5~\ 4 ~k ~~~~~~~~~~~~~ ~~~~~ ~~~

I I

A. 3000# LOAD

B. 3500# LOAD

II

•1
C. 40 00* LOAD

Figure 21 — TENSILE TEST LOADING-TO—FAILURE SEQUENCE

48

- - ---- -5 - - — -



F-— - 
~~~~~~~~~ 

—

~~

------

~~~~
:I: -: 

- -- --

~~~~:~~~~~~~

-

: 
~— ---- - •- — - 5 . - - - - -- - - -. - -- • - - -----5---—-- ----- - -----• -

-‘5

S N
S 

~ ~

~ 
:~ 

S

5

’ $5’~-S y ~ S
55’Ss~ ‘S S~ 

S
~ 

S 
•

_ _ _  S ~~~ -
S ‘ ~ 

5 55 

5 Ss~~~~~~/~~ 5 5 5 ’  

S

______ 

- ‘ 5
~~\ ~ 

S 
~ ~ ~~~ ~~~ 

S
~~ 

‘
-S

~S~
S 

~~ ~ 
~ 5-t 5’ 

5 _ -
~* 

S -*5’-~ \~55 ’l-5” -~“ -:- -
________ 

S. 
~5’ ~~ ‘5 ~ •‘

~$ 
:
~k~~

bS 
~~~

5
~~5-S~~~~ 

‘5*~ 5’~\- ‘~ 5”

5’\ 
~~~~

-‘ 
55 ~ 

\-‘\~~ ~! $i~~ ~~ ‘S ~~~~~~~~~~~~~~~~ 

g~~~

‘5 5’-

5

~~~ 
~/ 

‘5 

~~~~~~~~~ 
-S 

~ ~~~~~ 
5’ \5’

~~~~~~~~~~~~~~ & 
.5’

-SS.-S:: ~~ ~~~~~~~~ ~~:~~~ 5’5’:55 \
\ \-S\ ~~~~~~~~~~~~~~~ ~~~~

~~~ 

‘5-f ~~~~~~~

\

5’$
~~~S 55 ~~~~ \~ 

~
‘S’S”

~h55~

~~~~ 
\ 5’5~ 5~~~S

\ \ %5 ‘!~ ‘5

_ _ _  

~~~~~~~~~~~~~~~

____ 
‘

N ~ \.-\
_ _ _  ‘Si

5’ ~~~ -
~

-
~~~~

-
~~~~~- :FS 5 5 5 5 5~~~~~ S-

~~~~~ ~~~~~~~>\ > - -

A. 4500* LOAD - ~

-‘

s S\ 5  5~~~ ‘

_ _ _  S

8. 5000* LOAD -

C. FAILURE

Figure 22 - TENSILE TEST LOADING-TO-FAILURE SEQUENCE

49

S 
- 5 - -  5 -  - . -



________- JL~L5555:j.55 — - -~~~~~~~~

/
z
H

/ 4:
/ ~~~ ~/

/

/•-t~’i. / 4.

/ 4.

± 7
,
,

I

a

PROJE CTILE VELOCITY (FPS)

Figure 23 - VISIBLE DAMAGE AREA VS. PROJECTILE VELOCITY

50

- - - —~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ - - S — ———--—- - _ • - - 5 - -—5



— — - S- -—--5.--—S S - S - — 5 - --_5--_ S-- — -— ~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ -5’

/ N

/
/ 

H

/
/~~~~

..

/ ± ~~~

/ gL~~~~
I C)
/ •

I
— . 1

/
4/
/

.L.

PROJECTILE VELOCITY (FPS)

Figure 24 - X-RAY DETECTED DAMAGE AREA VS. PROJECTILE
VELOCITY

51

_ _  S - • - - S - - --- _ _  
---~~~5’- -~~~~~~~~



5~~

—gE i

—I..

—

~~~~~~~~::
_~~.

2?
~

c.

I- I I

RESIDUAL STRENGTH (LB/IN2)

Figure 25 - VISIBLE DAMAGE AREA VS. RESIDUAL STRENGTH

52

_ - - 5 --—------5 -~~~~~~~
- 5 - -



—gE.
-Il

’

±

.;

N

z
H

4:

~~L 2  c~ElC-,
El

-
~
..

1r I

- ..

RESIDUAL STRENGTH (LB/IN 2)

Figure 26 - X-RAY DETECTED DAMAGE AREA VS. RESIDUAL
STRENGTH

53

_ -5- --



5 --.-’-- - --5— S- S _ S

c ;~;x ~~~~

+ 
5- 

-.4 . ~ Ø I T

4.
— r r n r U~cJ~~ I.

El
H

C-,

0g5.~ ,~:i

‘-:1
H

El
IL L.. C.)

I I I I I
N

— 

RESIDUAL STRENGTH (LB/ IN 2 )

Figure 27 - RESIDUAL STRENGTH VS. PROJECTILE VELOCITY

54

_ _ _ _ _ _ _ _  ---- -5 -------5— -- --_-~~~~~~~ 



- -- - - ~~~~~~~~ .s

~~
.f

El
H

VISIB LE DAMAGE WIDTH ( I N )

Fi gure 28 - PROJECTILE VELOCITY VS. VISIBLE DAMA GE WIDT H

55 5

- -- --- ----5 — - -.-.---5 S- - 5  — - - - - -- S- -S - - - S -



~~5~~~~~~~~~— 
____ 

__555  555-5___5___ 555 _5_ _ — 
~‘~ III~~~

-•}
~ :~:

-+ ‘

.

/J El
H

/4 .  

- 
S

_i.. -4I_~.

3 2

VISIBLE DAMAGE LENGTH (IN)

Figure 29 - PROJECTILE VELOCITY VS. VISIBLE DAMAGE
LENGTH

56

- 5- - - 5- 5- 55~~~~ ~~~~~~~~~~~~~ _ - _ - - _ — - - - -- -- - _ - ---—-- S - - S  ~~~~~~~~~~~~ - -~~~~~~~~ - - -



- - - - .~~~~
‘- - _

~ 
S 5 S S  -.

N
z
H

¼0 t4~ ~~ ‘ 0 0 ~~ .-I ‘,D ‘.0 m .-i ~~~‘N ~I 0i C~i Ul UI (‘1 .-4 0 N UI
S ,-~ ~~~ ~~ 0 r” ~~ ‘ u, a~ N m ,-i I~~ c~ ~ UI4: El — • — — — • — — • — —

~~ ~~ UI ~~ ‘ —I 0 ‘.0 0’~ i—I N ~~~ r— .—.4 ‘—4 N

~ Z 0 0 0 0 0 0i 0 C~t 0 0~i O~ 0’~ .-4 C
H rzl ~~ r 4  ,-4 .-4 ,-4 , 1  r.I r’4 ~~

El

~ UI 0 Ui 0 0 UI C UI 0 0 UI 0 0 0 0
~~ en UI N UI 0 N ~~‘ N UI UI N 0 ~ 4 UI 0

4: UI N en N i-I Ui ~~‘ 0 ,-4 O~ 0 N r..4 0
O H ‘.0 ‘.0 ‘.0 UI Ui ‘~~~ Ui UI UI q’ ‘~~

. UI UI UI UI

4:
El

El Z
S C13 H

r-~ E l -’El ~
i-I N ‘~~

‘ ~ , en ‘.0 Cfl en ‘.0 ~~~
i-~ El 0 N en en en ~ . en ~

. ‘.o UI en ~~H ~~ ‘.0 ‘.0 ‘.0 ‘.0 ‘.0 ‘.0 ‘.0 ‘.0 ‘.0 ‘.0 ‘.0 10
Cl’i H I I I . . . .
z ~~r~40

S El

S 
I

4:

H ~~ ‘.0 en en UI ~~ ~~ ‘.0 UI ~~‘ N N
en N N en en en C 0 N ~~ en enZ 0 ‘.o ‘.o ‘.0 ‘.0 ‘.o ‘.0 ‘.0 ‘.o ..oEl I t IC

~~~4:

z
~~ .-I N ,-4 0, UI ~~ UI N N ~~ ~~ N ‘.0 ~~4: 0 0 0 0 0 0 O~ ‘.0 0 0 0

UI UI UI UI UI UI ~~‘ ‘~~‘ ~~‘ ~~~ UI UI UI

~~~ ~~~~~~~~ -~~~~~~ - ,.
~~~~~~~~~~~~~~~~ -~~~-~ -~~~-~ -~~~-

~~~ ‘-4 N en ‘-4 N en N ~~ ‘-4 N en ~ Ui ‘.0I I I I I I I I I I I I I I IZ ‘.0 ‘.0 ‘.0 UI Ui Ui ‘.0 ‘.0 ‘.0 N N N ‘.0 ‘.0 ‘.0O~~C ) Z  ‘I’

57

_ _ _ _  —- - -5-- -.- _ _ _ _



~~~~ N~~~~4 N N  0
‘.0

N o m  ‘. o m  ~~
~~~N N
0 0 0  0 c’ ~ o

S ~-4 r-I i-4 ‘-4 i-I

S U]
a)

ci] ~
~~

E ci)
-4

o U]
a)

0 0 UI 0 UI 0 Qi ci)
UI N N i-I N ‘.0 ci]
en ~~ ~~ en ‘.0 ~~ a
UI UI ~~ UI ~~ ‘ UI ‘tj .~~a)

~ci Cl)
-4

I~
‘0
~~

‘0Vci) - -—I s-I
~~ 

‘
~~~ 0~ UI N en 0 0.

~.4 ~ s-I N ,-4 en UI
•IJ ‘.0 ‘.0 ‘.0 ‘.0 ‘.0 ‘.0 4-~ ~~
0 0 0
C) 0 0

a) a)
4: ~4 4.’

a) G)

HC en en
Z 0~~~Ui0  en~~~~ ‘.0 I I
~~ en ‘.0 0 UI ~~ N ‘.0 UI
~~ ‘ . O W U I  ‘ . 0 W  ‘.0 

I I
‘.0 UI

-4 s-I

N (N s-4 en UI en
0 0 0  0~~~0 0 Cl) Cl)U I U I~~~~ ~~

‘ UI UI

~~~~~~~~~~~~~~~~~

-4 -4
o o
4-I 4-1
4.1 4.)

o o
N ~~ 0 ~~ ‘ UI ‘.0 C) C)I I I I I I
N N UI N N N

.~

58

~

--- - . - --



_ S 5
- - — ~~~~~~~~~~~~~~~~~~~~~~~~~~ -III -- — —- —- 5- -—-,

(N
z
H

o~~~~~~~o’~ s-I ‘ . 0 W
4 : E l  UI UI en s-i

N
~~~~~~~~~~~

-4 en c’~~~~
5
55 CZ  — — . ..

H~~4 I I I I I I I I I I W 0 ~~~~~~~ N~~~~~~~~No a~~~o a~~~c~~~a~s-I s-I

>4 ‘.0 0’~ N N “n’ 0 N en N
4: N ‘.0 N .

~~‘ N Ui ‘.0 ‘.0
El >‘ N en UI N s-I en ~~ 0 ‘.0

1 - - 4 1 - .  .
~~~~~~~~~~~~~ ~~~~~~~~~~~~~~>4 I I 4 I I I I

ç~ .-..
~~~~ ~~ ‘.0 0~, s-I ‘.0 N ‘-I N en

~~ Z ~~ UI C’~ 0 ‘.0 0 0~ C s-I 0
H I en N en N en N en en en

~~ 

,_.
~~ < . . . . . . . . .

2 C X  0~~~~~N O N  ~~‘. N N ~~
‘ N N N W

4: )4 UI N 0 UI N ‘.0 UI (N ‘.0 s-I UI
UI ~-I 0 N ~~ ‘ s-4 en ~~ s-i N ‘.0 i 4  (N ‘.0 ‘-4 ~~~~~,.~ 4: ~ ~~ en en s-i s-I s-I s-I ~ 4 s-I ~~ ‘ ~~‘ ~~ ‘ N N N

H ~~4: X X X  X X X  X X X  X X X  X X X
El 4:~~ 0 O a~~~ r C ~~~~C’4~~~~~ I-I O~~~~~ ~~4 0  a, en en
C) C ctj N (N s-4 N s-I (N N UI N 0 (‘4 N s-I N N (N

H (N (N N N N (N N N N N N N (N (N N N
. . . . . .

04

4 Z Z
>4 El .~~~~: =

H 4: u]  Z
C C cii (

~ UI
2 4: . ‘ . n en UI

~t~4 I~~~ Z UI = = = = N ~~ ‘ ‘.0 ~~~ = : =

~~~~~~~~ ~~
‘ (‘4

04 H D ’4 ~~~~~~~~~~~~~~~~~~~~~~~~~~ ~~~~~~~~~4: El E-’ u~LJH 0 4 :  = = = = : : = : :

~=~ °
0 ~~~ 

0 c’~ s-i en N N ‘.0 0 en ‘.0 en s-I
~~~~~~ r-4~~~~~ ~~~~~N N  ~~~~~N 0~~~~~~~~~~ ~~ e~~~~~ en L A e n
0 4 >  o~~~~ ~~~~~~~~~~~~~~~~~~~~~ ~~~~~N en 0~~~C~I 0 0 0 0

s-I s-I N (N en en en en en en (‘4 (‘4 N

~~ en ~~ s-i s-i en N ~~ N ~~‘ N ~~ C\ s-I N en
I I I I I I I I I I I I I I I I

Z IN N (‘4 s-I s-I s-I C’4 en en en ‘.0 ‘.0 ‘.0 N N N
O~~~

L 
_ _ _ _ _ _ _ _- -  - -~~~

-
~~~~~~~~~~~~~~~~~~~~~~~~~

--—---- --5-- - -



en s-i ~~ (‘4 ‘-4 N (‘4 0
(‘4 UI 0 ‘~~‘ en ~-I 0~ en ‘.0
ui en UI N 0 en ‘.0 en ~~— S S — S — S — —s-I s-I N ~~1 (‘4 (N ~~ C) C..
s-I 0 Q’~ 0 0 0 0 CJ~ 0
s-I s-I s-I s-I s-I r’l s-I

~~ 0 s-I ~~ ~~‘ ‘.0 0S N 0 s-I s-I s-I en ~~ ‘
UI ‘.0 N ~~ N rl N

N C ( ’ 4  s-~~~~~~X X X X I X X X
‘.0 ~~ ‘.0 N en N N ~~S en ~~ s-I 0 (‘4 s-I ~~ 0

• en N en en en en c’~ en‘0 . . . . . . .
a3
CS ..4

4 4J UI (‘4 0 en N ‘.0 (‘4 N
N 0i N N ~~o ~~~ ui ~~ ‘ ‘.0 ‘.0 N Ui 0 0C) . . . . . . . .

—. N (N (N s-I s-I s-I s-I ~-I s-I
X X X X X X X

~~ N en ‘.0 ~~ ‘ en N UI UI ~~N (N N (‘4 (‘4 (‘4 (‘4 N (N
>4 N N N C’ (N N (N (‘1 NI— I . . . . . . . .
C
2

S 04
04
4:

~~~~ 
‘-S ~~~~ 

-S’ ~~

N ‘.Q ~ ~~ ‘ N ~~~ 0~s ~~ ‘ ~~~en ~-i s-I (‘4 0’, Ui
0 Ui UI UI C C’I(N en en en en en ~~ ‘ en

Ui ‘.0 N ~ 0 ~~‘ UI ‘.0
I I I I I I I I I

‘.0 ‘.0 ‘.0 N N UI N N N

60 

~~ •~~~~ -— —-



-- 
~~~~~~~~ 5 5 S 5

55 5
~~~~

5 
- S • ,-----55---S —-S-. - - - . - S - -- 5--—---’

LIST OF REFERENCES

1. Linnander , R. J . ,  Laboratory Development and Tensile
Testing of Graphite/Glass/Epoxy Hybrid Composite
Materials, M. S. Thesis , United States Naval Post-
graduate School, Monterey , 1974.

2. Ferris, R. L., Low Energy Impact Loading of Graphite-
Epoxy Plates, M. S. Thesis , United States Naval
Postgraduate School, Monterey, 1976.

3. Air Force Materials Laboratory Contract Report Number
F 336l5—71-C-1362, Advanced Composite Design Guide
by Rockwell International Corporation, January 1973.

4. Davis, T. 3., Ballistic Range Development, M. S. Thesis ,
United States Naval Postgraduate School , Monterey ,
1976.

5. Southwest Research Institute Report AD-780 730,
Ballistic Penetration Effects on Biaxially Loaded
Graphite/E~oxy Composite Panels, by P. II. Francis,et al, April 1974.

6. Suarez, 3. A., “Vulnerability of Composite Aircraft
Structures,” AFFDL-TR-72--8, A. F. Flight Dynamics
Laboratory , Wri ght Patterson A. F. B., Ohio, 1972. 5

61



~~~~~~~~~ 5 S S~~~~~~~~~~~~~~~~~ 5 

~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~

INITIAL DISTRIBUTION LIST

No. Copies

1. Defense Documentation Center 
- 

2

Cameron Station
Alexandria, Virginia 22314

2. Library, Code 0142 2
Naval Postgraduate School
Monterey, California 93940

3. Department Chairman , Code 67
Department of Aeronautics
Naval Postgraduate School
Monterey, California 93940

4. Asst. Prof. M. H. Bank , Code 67Bt 5
Depar tment of Aeronautics
Naval Postgraduate School
Monterey , California 93940

5. LCDR George A. Eaton , USN
Route 2, Box 46
White Plains, Maryland 20695

62 

-- -5- - -- -  - - - --~~~~---- -S----- -


