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A BSTRACT

An ezperiaental and theoretical analysis was
perforied on low enec;y ilpact loadin g of thim (.0(40

inches) graphite— e’poi y plates. SiE— in ch square plates
were subjected to dynai ic  iapact (below the ballistic
range) and static b aling. ~tsa plate  stati : strain
ener gy and dy nacic iup act  energy for  f a i l u r e  were
equal and constant. ~heoratical analysis was

perforced using both exact a~d finite eleceat iethods.

S.a1.l deflection the~ry was assused and founl to be
• inapplicable; the plates behaved in a canner

indicating that a lar;e deflection theoretical. codel

would be core appropriate.

_ 
(4 1 J

- - - ______ J



_ _ _ _ _ _ _ _  - - — _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _

~~A 3L E  0? ON?ENTS

I. I N T R O D U C r I O N .  • • • • • • ~ • ........ •. . . . . . .  12

II .  CON S T I T U r I V E  P R O P E R r I E S . . . . . . . . . . . . . .  .. 15
A. MA?ERI~L PRDPER~ IES .  15
B. T H E O R E T I C A L  :D~ Sr I r 1 J F I V E  P R O P E R I I E S  17
C. EXPER I~1EN~ AL )~~sT I r U r I V c  P R D P E R T I E S  19
D.  COiI P A R I S O N  OF : o N s r I r u r r V ~ P R O P ERTI E S.   2 (4
E. F I B E R — E P D U  V ) L. J~IE FR& flD~~.......  25

III. EXPERINENTAL A PPAR~~~ S AND PRELIMINARY rssrs 28

A. EXPERI~IEPiTAL SEr—up........  28

1. Peaetrator........ ............  28

2 • P ba te F i ~ t .a c e • . . . . . . . . . . . . . . . • • . .  29

3. Launcher. ~~~5 • •  • • ••  • • • .  31

4. Frawe . . . . . . . • . . . . . .. . • . . . •. .  . . . . • 31

5. Static 1’ests. 5 S e ~~~~~S~~~~~.•  • • • • • • • •S •  35
B. CALIBR~ TLON. . . . . . . . . . . . . . . • . . . . . . .  35

C . I N P A~ I’ D u a Ar I 9 . . . . . . . .  3 6

D. NON—DESTRUC rUIE rESrIN3......... .  .•.   39

1. Ultrasonic restiag  38

2. i—Ra y restia;.... .... .. • • . .S . t  ....  39

3. Liquid C r y s ta l  r e s tia~~.  .•  39
IV. F I N I T E  ELEM E N ~~~& L!SIS (4 1

A. F INIrE E L E M E N r !ODE L  ‘41
B. sTRE SS D I ST R I B 3r I ON . . . . . . . . . .. . . . . . . . . . . .. . . .  (4 (4
C • FAIL U RE : R I r E a z) ~~............................ ‘45

V • STATI C T ES 1’ R ES U L ~ S . . . . . . . .  . . . . . . (48

V I. D rN&MI c rE s r aEsu ~~rs .• 55
VII.  D I SCUSS ION OF R E S J L r S  .....•... 59

A.  ~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ . SD
B • F A I L U R E  ~3D E 5 . . . .  ~~~~~~~~~~~~~~~~~~~~~~~~~~  69

1. ~icroscopic Exaaination of

5



~Pr - - 

~~~~~~~~~~~~~~~~~ 
— -

~~~~~
—--

~~
--

~~~
-
~~

•—------ -- -  - — --
~~~~~~~~~~ 

- - — • -

J lt iu a t e  F a i l u r e  A r e a . .  .................. 51
2. fl icroscopi ;  Ex a u a i n a t i 3 n  of

S ta t i c  ~~ j~~ j~~~tI Point. . . . . . . . • . . . . • . 75
3. ~icroscop i.; Ex a c i n a t io n  of

Ini t ial D~ iage Z3ne 81
4. Nicroscopt :  Exa c ina t i on  of -

F iber F a i I . u c -a s .  . .. . .. • . .. .. • .   85
C. ENERGY R E Q U I R E )  FOR FA IL.~J R E  88
D • S TAT I SO LII I’ I 0 ~I S . . . . • . . . • . . . . . . . . . . . . . . .  . . .  9 0

VIII .  CON LU SIO~4 S . . • . • • ,  . . • • . . . . • . . . . 93
IX • R ECO ~ 11 END A r 19 N S . • . . . . . . .  94

A P P E N D I X  A... ............... .. . . . .•. . .  . • •  .. .• 95
A P P E N D I X  B .. . . U. • . . . .  •  • • . •  . 99
LIST OF REFERENCES.  . . . . . . • . .  . . . . . . . . • • . . . . . 103
INITIAL DISTRIBUTION LIST.  • . .. .. •  105
LIST OF F I G U R E S  • •. . .• . • . •. . .. .. •   7
T A BLE O F S!MBOLS .• • •  19

6 

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



~~— — - -
~~~~

- - - -. 
~~ _*— -— ~~~ -~~-~-~~~~~~~~~~~ -- - - -

- 

IdSI OF F I G U R E S

1. Orientation of lasina on a lacinate l  plate 15

2. Tensile test of zero  legree specimen.. . .   21

3. Tensil e test of 93 da;ree speciuaen 22

4~ Tensile test of (45 l e ;ree  spec i unen  23

5. Microscopic a n a l y s i s  of fiDer—voluce content........ 27

5. Penetrators • 29

7 . P1 a t e Test in; Fix t ~ cc . . . . • . . .  . . . . . . . . 30

8 • Pen e t rat or 1 a u a: he r  . . • • • . . . .  3 3

9. Launcher Frame . .. •.  ..  3(4

10. Typical iapa :t tiie sistory. ... . ..• ... ....•. .  37

11. Exact solution c oup ar s i  w i t h  f in i t e  element  solut ions
for a concentra ted  load on an a l u m i n u m  plate (4 3

12. Diagram of stress l is tr i bu t i o n  • ... 45

13. Table of static tes t  r e su l t s   ........ 50

1L4 . Graph of static test results..... ................... 51

15. Sketch of a typical. static or dynam ic failure....... 52

16. Edge view of a typi:al failure...................... 53

17. Static shear—out..... • . •.  .. .. .. .• •.  .• . . . . . •.  •. .  54

18. Locations of sections removed for

microscopic examinatioa............................. 55

19. Table of dynawic tes: results....................... 57

7 

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



20. Ballistic f a i l u r e  mole .  . . . . . . . . . . • . . . . . . . . . . . . 59

21. Light microscope , f a i lu r e  su r face  e x am i n a t i o n ,
section 1A3 , 130~ ............. .... . 62

22. Light microscope , f a i l u r e  su r f ace  e z a min a t i o~ ,
section 1A3 , 1301. . . . • . . . . . . . • . . . . . . . . . . . . . . . . 63

23. Light microscope, failure surface examination ,

section 1A3 , 501..... .. .. ... .•..... .. .  .... ... 5(4

2~4. Light microscope, f a i l u r e  surface examination ,
section 1A3 , 2001. .. ............. 55 L

25. SEN , typical fracture in outer layer , 5201 ..... 57

26. SEM , typical fracture in outer layer , 2203~~~~~~~~~ 68

27. SEN , typical fracture in second layer , 12001 59

28. SEM , typical fracture in second layer , 22001 70

29. SEM , ty~icaJ. fracture in second layer , 12301 71

30. SEN , typical fracture in second layer , 2201 72

31. Quantitative analysis

of failure of fiber-epoxy joints 714

32. Light microscope, “yield” point exanination ,
section SB, 751. . ................ 76

33. Light microscope, “yield” poin t examination ,

section 58, 751...... . ........... .•.  77

3(4 . Light microscope, “yield” point examination ,
section 5B, 2031. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 78

35. Light microscope, -“ yield” point examination ,
section 58, 2001........... •.... ... . .. . .. ... .•...  ... 79

36. Light microscope , “yield” point exa~ination ,
section SB, 2001................. . .• •  ... 80

9

- .—~~~~~~~~~~~ —- - -----~~ -- -



37. Light microscope, localized dynam ic damage ,

section 112, 100X 82

38. Light microscope, localized dynam ic damage,

section 112.. •........ee .. 83

39. Light microscope, localized dynamic damage ,

section 1&2, 1301 ................. ... 8(4
LeO. SEM , a brokers fiber, 52001.  .... 86
41. SEM , a bundle of broken fibers, 22001 ..... 87
42. Impact energy reguirci for failure ..... 89
(43. Exact, fini te e leme n t , and experimen tal resuLts

of the static tests.. . . . . . . . . . . • . . . . . . . . . . . . 92

i
i

Ii

9



-
~~ 

-- _— ~~___—— &-~~~~ a__ _ - - -,

rP~BLE OF’ SY~ B3LS

A Extens ional  s t i f fn e s s  m a t r i x
B Coupling s t i f f n e s s  m a t r i x
D Bending s t i f f n e s s  m a t r i x
S Exponen t ia l  p o w e r  of 10 , M o d u l u s  of e l a s t i c i ty
U Shear modulus
N Force per unit length

Momen t per uni t l e n gt h
Q Lamina stress—strain material properties

Lainina stress—strain material properties

corrected to the plate ’s axes
U Displacement in tie X direction

V Displacem en t in th e ! direction
Displacement in tie I direction

a Pla te dimension in I direc tion
b Plate dimension ii ! direction

t Plate thickness

Shear  stra in
Strain

9 Angle of L a m in a  f i b ers to th e  pla te ’s I ax i s
Curvature

LI Microns
Poisson’s rat io

P Density
r Stress 

/
‘

1] A square matrix

A column matrix //
/

/
K Lacina identification 

- 
-

L Longitudinal  or f i b er di rec tion
ij Matrix location i,j=1 ,2,3

10

L _ __ /

/
/
/ _ . _ %

/
~/ 

s s  ~~ , S~~~~~~~~ — -. -—



--

s A symmetric lay-up

r Transverse  d i re c t i o n

x ,y , z Plate axes

o Middle surface

11

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



_ _ _

I. & R ~~~~~~Q~

Composite mater ia ls  h ave  a t remendous  potent ia l  in the
structural  field. A l t h o n g h  their  f u t u r e  va lue  in the
aircraf t  industry is except ional , the re  still r ema in  man y
unkn owns .  The response of graphi te—epox y composite plates
to low energy impact load ing  is one of these unk no wns .

Low energ y impacts are a com m on occurrence on
operational aircraft .  A mechanic dropping a wrench , or a
stone thrown by a t i re  are typical  examples.  It is
impor tan t  to know how composite panels reac t  ~o these
impacts in order to be able to confidently predict a dam age
threshold. An accura te  model  for  damage would be he lp fu l  in
both the operational and design f ields.  Opera t iona l ly ,  the
ability to assess damage  to a panel which is k n o w n  to have
be en hit , but which has no visual, mani fes ta t ions  of damage ,
will produce better maintained ,  a n d  safer a i r c r a f t .  The
des igner will also be be t te r  able to produce an airc taft
capable of operation throughout  its design envi ronment .

A series of tests, both s ta t ic  and d y n a m i c , were
performed to analyze  the response of a simply supported
plate to impact load~ ng. The plate was a symmet r i ca l ly
laid—up graphite-epoxy p la te  six inches sguare . £h e  dyna m ic
tests used a variablewaass steel penetra tor  of spherical .
shape , at impact speeds of tea , f i f te e n , and t w e n t y  teet. per
second. Each plate was iapacted by incremental ly  increasing
masses until fa i lure  occurred.

There were tb~ree basic types  of f a i lur e  expeoted. These
included : stati c sheac-out , where the penet r at or  sheared

12 
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t h rough  the panel causin;  only local damage; flexural, where
the fai lure was ca-used p r im ar i l y  by bend ing aid membra n e
stresses; and ballistic, where complete penetration
occurred. It was assumed that wave stresses would have
little influence , and tha t  f l e xu r a l  fai l -ire  would
predominate. Sma ll  de fLect io n s  wer e  in i t ia l ly  assumed and
membrane stresses were neglected.

The Kir choff  Hypoth es i s  for  plates was adopted:
straight lines normal to an undeformed middle su r f ace  were
assumed to remain st-rai~ht and normal to the middle surface
in the deformed state. Further, it was assumed that normals
to the middle surface do mo t change length.

The investigation proceeded in the following manner:
first, the coastitutive properties of the plate material
were determined both anaLytically and experimenta],ly~ then
the experimental apparatus was set up and calibrated to give
the desired range of impact velocities. A number of

non—destructive techni~ ues for inspection of damiged plates
were considered and tested. Finally, a series ~f static and
impact tests was run, and the resulting damage was evaluated
using both nondestructive and destructive test methods,
including scanniag—electr n-.icroscopy.

concurrently a theoretical investigation was undertaken
to see whether simple linear theory could be of use in the
analysis of the plate impact problem. Static and dynamic
solutions were sought u sing SAP IV , a f i n i t e—elemen t
structural analysis progra m .  In i t ial ly ,  known closed for.
solutions were compared wi th  SAP IV solutions for  static and
dynamic loadings. Then specimen cons t i tu t ive  properties and
experimental  loading paraaeters  were entered in t ie  program ,
and solutions were compare d with experimental  da ta .

The procedures used and the results gained are detailed

13
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It. ;2~~~~~ L.~IY.~ ~~~~~~~~~

A. MATERIAL P R O P E R T I E S

The plates used were cons truc ted f r o m  12 inch  wide  rolls
of UCC Thornel  330 ( un t w i s t e d )  U r a p h i t e  F ib e r s , in a
Rigi di te 5208 m a t r i x , sipplied  as a B — s t a g e  p re p reg  by the
N A R M C O  Materials Div i s ion  of t he  Ce lan ese  Corpo ra t i on .

Twelve—inch s~ uare panels were  cons t ruc t ed  foLlowing the
manufacturers reco mmended procedures, and those of Linnander

~Ref. 1]. These procedures were designed to give a 55~
fiber content by volume. The lay-up was eight lamina in a

symmetrical configuration as indica ted by Fi;. 1. The

standard laminate orientation code for t h i s  lay—up [Ref. 2],
was (0,±45,O) . After the proper cure , the pane l s  were

S

guar te red  to give six-inch square plates.

Some of the lam ina  properties predic ted by NAR ~iCO

Materials included , in p o un d s  per squ a r e  inch:

Flexura]. modulus (longitali.nal)=22.3 E6
Flexural modulus (transverse~= 1.6 56
Tensile modulus of coupon sample (logitudinal) =23.5 E6
Tensile modulus for coupon sample (transverse)=1.47 56
Flezural ultimate stress (long itudinal) 295 E3
Flexural ultimate stress (transverse) = 11.5 E3
Tensile ultimate stress for coupon sample

15
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(l on g i tu d inal )=2 1  53
Tensile ul t imate  stress fo r  coupon sample
( transverse) 26.75 53
Compression ultimate stress (longitulinal) = 198 53

Interlaminar shear ultimate= 17.8 53
The published properties did not include either of the
Poisson ratios r the shear modulus . The nominal thickness
of a la id—up plate was .3 4 3  inches .

8. T~ E0RE TICA L C 3 $ S T I T U C r V E  P R O P E R T I E S

Jones tRef. 3] developed equations for the constitutive
properties of a lam inate from kn~ wn lamina properties and

laminate lay—up .

Beginning with the known properties the constitutive
• properties of each lamina in relation to the l a mi n a t e  was

determined. Lam jna with fiber direction coincident wi th the
axis of the plate; and pl a n e  s t r e s s :  -

• 

~~~~~~~Kth LAYER 

[ ~ 1K t
For laminas that were not on the principle plate axis the ~
matrix was modified with a suitable coordinate
transformation. This applied to the t 45 degree laminas:

• ~ Q~1 cos’
e + ‘. 2G~\si~ QcOs’Q ~(

~ Q~~
- LIQt~ ) s1w 2ec~~ + ~~~~~~~~~

= Q~S~~Q # 2(G~ z~~ si eco.s2e ~Qucos4e 
-

~ (Q~-Q~.- ZQ~~$I~I~cO5~ + (Q,1-Q11+zQ~~s~ tecose

(Q1~ -Q,1, -lQ.~ 5 9C.~~O+

17
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= CQU+QI~ -ZQ,t-2Q~ stM2ecOS’9 +
For small strains and linear elasticity, utiLizin;

classical laminate  t h e o r y ,  t he  s t resses  in any  Laye r  were
expressed in terms of middle surface strains and ;urvatures.

K E J K~~~~~~~~~~~~~~~~
}K

By integratin g the stress in each lawina over the thickness
of the laminate:  -

and 

N
~ )_t,~° 

dz

(t~M
~)~~cidz 

-

the following relations were obtained: 
-

= EA~~~~{ E ° 3 + L B J  t~
(1

{ M? C s ] te°} + [ o ] N
where for extensional stiffness:

A =
~~~~~~~ 

(a.. ) (Z — z
K—I U K  K K—

for coupling stiffness:

B(J 
I/~ 

~~~ ~~~ ~, 
— Z~_1 )

for bending s t i f fness :

D u !’ > - ( Q .  ) (Z3 —Z 3 )
K 1  Ii K K K I

The plates as constru:ted were symmetrical. This forced

the B , or coupling, matrix to zero.

To facilitate calculation it was desirable to express

18
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the  c on st i t u t i v e  p r o p e r t i e s  in t h e  f o r m  of e n g i n e e r i n g
constants of an orthotropi: material. The finite element

p r o g r a m  used w o a l d  accept  data  in t h i s  f o r m  only .

The Design Manual :aef. 2] supplies a means to

• approximate the o r t i ot c o p i c  cons t i t u t i ve  proper t ies
utilizing the A, or extensional stiffness, matrix;

E xx (All A22 42)/ (THJCKNESS~Afl
Eyy Exx A~~/A j 1

• A~~/THlCKNESS

~ xy A2~ /A~~
A simple computer pr ;ram was designed to take both t h e

lamina constitutive properties and laminate construction as
inpu t. The program , in Basic Language, oltputs the
following: the individual . lam ina stress—strain properties

in relation to the laminate , the extensiona l matrix , the
bending matrix , t~e orthotropic constitutive properties, and
the orthotropic stress-stcain re la t ionship .  This progra m is
Appendix A.

:. EXi~ERI~ EN T AL CO NSTIT JFI VE PR OP E R T I E S

To verify the calculated constitutive properties, a
series of tensiLe tests was performed.

Three specimens were prepared in accordance with  t h e
design manual (Ref. 2]. r acy were nine inches long and one

inch wide .  The first specimen was cut from a twelve—inch
panel with the zero degree f i bers rLlna in ; parallel to the
Long dimension. The second was cut so the zero degree

fibers ran at a right angle to the Long dimension. The last

specimen was cut so one of the forty-five degree lamina ’s

19
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fibers were parallel to tas long dimension , and the zero
degree fibers were forty-five degrees off the long specimen
axis. One—and—a— half-iacn long and one-inch wile shoulders
were glued to both sides of the outer oae—and—a—nalf inches
of the specimen in order t o dis tri bu te the local stresses

• caused by m o u n t i n g  in t h e  test  m a c h i n e .  The edges , where
the shoulders met the specimen , were beveled to less than 30

degrees.

BBH Electronics SR—~$ strain gage rosettes were installed

on each specimen near t h e  center. These rosettes were type

F A E R — 2 5 R — 1 2 S 6  wi t~ 120 o n u  r e s i s t ance  and  2 .0~4 g a g e  factor.

They were wired in to a standard Wheatstone bridge strain

measuring circuit.

The three specimens were mou nted in a RLE3LE testing

machine. As they were slowly loaded to failure , strain
measurements were increne citally taken. Figures 2, 3, and 4
are plots of the test data.

The orthotropic coastitutive properties can be
determined from the graphs. From this data , the Design
Manual (Ref. 2] gives a simple calcilation procedur e t~

• determine the shear nodui.is:

U*(EL+ ET+2’)LTEY) / 8(l_V~j\)~~)
2 U E xG LT

Z
8 U E

-
• From the graphs:

EL. 11 .65  E 6
ET. 3.1 E6 ILl ” 52
Ey 6 1.6  E 6
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To v e r i f y  Poissons r at io :

~~LT ’~TL 
~E L ~ - .138 ~ .14

The shear modulus  calcula ti on gave :

GLT 2 .05  E - 6
Su m m a r y  of constitutive proper ties f r o m  tests:

5. EL~ 11.6 E6
E1- 3.1 E6 ‘

~LT ’ .52

G~. - 2 . 1  E6
(Jsing this data the stress-strain relationships will be:

( ~~ ~~~~~~~ 
1.75 ~ 1

= (.75 3.34 0 E 6

~~
) L° 2.1 ] (

D. COMPaRISON OF CONSTITJTIVE PROPERTIES

Since Poisson ’s ratios ari d- tti e shear mohilu s for an

individual lamina were no t given , th~ sa proper ties ware
estimated and entered into the constitutive properties

compu ter program. Using the orthotropic properties obtained

f rom the tests, the p r o g r a m  was used to itera t e for the
unknow n lacnina proper ties. -The results were disappointing.

The calculated modu lus  in the ~ direction was eight percent

high , the shear modulus  w a s  for ty percen t hig h, and  the
Poisson ’s ratios were thirty five percent high when the X
direction calculated m o d u l u s  was fo rced  to equal the test

• data.

A survey of the Design Manual :Ref.2] indicated that the
constitutive properties obtained experimentally were

comparable to common , m edi um strength graphite epoxy plates
o~ similar constructi.oa. The orthotropic values obtained
from the test data were isad unless otherwise noted.
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E. FIBER—EPOXY V ) L ( JM E FR~~TI ON

Two in dependen t tests were  conduc ted to v e r i f y  the f i ber
and epoxy volume fractions. 3ne method was a chemical

technique, the other was a quantitative microsco?ic method.

Handley and Cross :Ref .4] outlined the chamical method

used. Two fritted crucibles and two samples were dried in

an oven at 180 degrees ceutigr ale for thirty minutes. The

crucible and coupon were then weighed. Tne coupon was

placed in 80—90 degree centigrade , c o n c e n t r a t e d  ni tric acid
for fifteen to twenty minutes. The hot nitri c acid

dissolve d or “digested” tne epoxy matrix. After the epoxy

was dissolved , the rema ining fiber and acid solution was
rinsed with a vacuum assist in water and acetone. The

crucible wita the fibers was dried in an oven at 120 degrees

cen tig rade  for one  to two hours , and then weighed . The

resul ts were:

~~~
1.0612 specimen weigh t in g ram s  1.3525

• 14.1733 specimen an d cruci b le (before) 14 .2385
13.9225 specimen arid crucible (after) 13.9337

.2508 epoxy weight in grams .3378

23.6% epoxy by weight 24.8%

1.265 specific density of epoxy 1.265

1 . 9— 2 . 3  specific density of graphite 1.9—2.3

64—68% fiber 63-67%
This, compares favorably wi th the desired 55%.

A quantitative micros copic analysis was done to further

v e r i f y  the f iber/ epoxy m i x t u r e .  —

A section was taken f r o m  a pla te using a diamond cut—off

25 



saw, arid cold m o u n t e d  in plastic. it was then polisned

using grinding belts of 3) acid 323 grit , emory paper of 0

and 3/0 grit , and polishing cloths with aluminum—oxide

slurries of 15 and .05 micrometer grit. The caicrostr ucture

showed sufficient resolution with just polishing, so etching
was not used. A nitric acid etch would have  se lect ively
attacked the epoxy, if desired. The cold wouatia.g process

caused slight sample degradation. The plastic attacked the

epoxy in the outermost layer. The attack was very slight

and confined to dissolving the extreme surface layer of

epoxy. If there was a wel l, d eve loped  crack , t h e  plastic
woul d also fill th ese vi t~i a corresponding light attack on

the surrounding matrix material. The plastic mounting

ma terial was also s i g n if i c a n tly sof ter than  th e graph it e
epoxy plate making it difficult to obtain sguare edges on

the sample.

Figure 5 details the results of the giantitative

analysis. The illustration is the 3flX microphotograph used

for th e analysis , w hi ch is a pic ture of th e m id d le two
layer.~ of a plate. The data indicates a fractional length

of line within the fiber as .557. This eguites to the

volume fraction giving a 55.7% fiber volume , w h i c h  concurs
with previous analZsis.

The average dimension of the f i bers was also determined
from the microphotograph using standard quantitative

microscopy tecuniques .  T h e  a v e r a g e  d imens ion  was 5.~$
microns. Since the specimen was cut at a right angle to the
principle fiber orientation , this dimension gives a c~.ose
approximation of the average fiber diameter.
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A. EXPERIMENTAL SET—UP

1. ~~~~~~~~

Two varianle mass pene trators were constructed and

are illustrated in Fig. 5. The primary penetrator was the

lighter, slimmer one. It was constructed with a plastic
pipe body sized to fit in the launcher tube. The mass could

be adjusted from approxinently .314 to .393 slugs. This was

accomplished by varying the weight f r o m  seven ounces to
three pounds with lead shot. The leading point of the

penetrator is half—spherical s~iaped acid made of steel. Th’e
larger all steel penetrator had a mass which could be varied

starting at .085 slugs. This penetr atoc had the capacity to

change both the leading point ’s shape and its construction

material. The second penetrator was not needed in the

dynamic tests.

2. Plate Fixture

• A massive steel f i x t u r e  was bu i l t  fo r  bo th th e
static and dynamic tests. This fixture is illustrated in
Fig. 7. It was carefully machined to have a flat test

surface and to have the top and bottom surfaces parallel.

The fixture was made from heavy steel channeLs with a

one—half—inch thick steel base.
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The sguare test sJ3ports measured four—and—one—half

inches on the inside. Using a six-inch plate, each plate
• edge over—lapped the support by three quarters of an inch .

The fixture also had an additional frame acid a series of

claips to secure all edges of the plates to the f ix tu res ;
this f r a m e  would p reven t  all  edge r o t a t i o n .  P la tes  could be
mounted and tested in either the simply supported or clamped
edge modes. Large holes were driUed in the sides of the
fixture to prevent any pressure build-ups during dynamic
displacements.

3. Launcher

The desired im pact velocity was achieved by simply

dropping the penetrator from an appropriate height. To

insure that the penetrator would hit the desired spot on the

plate , and to provide for cepeatable , easily ad justable drop
heigh ts, the launcher saowa in Fig. 3 was constricted. The

launcher could be varied in height above the plate via a

screw crank for fine velocity adjustments. Both penetrators

were just slightly smaller in diameter than the inside

dimension of the launcher tube, which was used to stabilize

the penetrator ’s flight. Launch was initiated by a switch
controlled solenoid w~iich r emoved  a bar holding the
penetrator in place.

$~ Frame

A f rame w a s  cons t ruc ted  out of steel sca f fo ld ing ,
and is illustrated in Fig. 9. The frame was plumbed
vertical and constructed n a heavy—load rated concrete
floor. The launcher assemoly was moved up acid down the
frame by a pulley and rope arr angem ent to ~btiin course

31



velocity adjustments.
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5~ St~ti5 T~~~tS

Static tests were conducted on a P.IEdLE testing
machine using the base f i x t u r e , plate and appropria te

penetrator. Deflectious were measured wi th a dial
displacement indicator from the cross arm of t h e  test ing
machine to the w o r k i n g  su r face .

B. CALIBRATION

The launcher—frame conbinati on was calibrated for both

impactors at three different speeds. Ten feet per second
was the lowest practical speed obtainable due t~ l aunch  tu be
interference. Twenty feet per second was the highest speed

desired in order to keep in the flexural faiLure mode.

Fifteen feet per second was also used .

The calibration was done electronically. Two lig~i~
sensitive photo—transist ors ari d their power supplies were

placed two inches apart, bracketing tie plate fixture ’s
position relative to t~ie launcher . Two light beams were

focused across the penetrator f L i g h t pa th on to the
transistors, and an e l ec t ron ic  t imer  was placed oetw een the
transistors.  The wooden f r a m e  s u p p o r t i n g  this a p ? a r a t u s  was
painted flat black to prevent spurious imputs. Speeds of
ten, f i f teen, and twenty feet per second were calibrated
with in tw o percent.
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C. IMPACT D U R A T I 3 N

The time and strain-amplitude history of a typical
impac t was o bt ained to assist in the theoretical
calculations. A graphite epoxy plate similar to the tested

plates was fitted with a strain g a g e  near  the center  of a
face. The strain gage was connec ted to a Wbeatstone bridge

an d power supply. An osciLloscope was connected across the

bridge and set to trigger on impact. Tae scope was set for

single sweep mole , acid had a camera mounted to record the

trace.

Figure 10 is a scope picture taken using the larger

impactor at its lightest weight. The speed of impact was

approximately ten feet per second. The oscilloscope time

scale for this photograph was .5 milisecorids per centimeter.

The amplitude was not calibrates and gives relative

information only. The strain in the plate reached its peak
value at one millisecond according to this photograph.
After  the impact , e x a m i n a t i o n  of the plate determined that

S the strain gage leads had separated from the gage leaving

the validity of the results in doubt. The test did give

several useful pieces of in f o r m a t i o n .  It  gave an indicat ion
of the impact’s in itial siape arid rise tiwe ,and , since wav e

stresses would have reacied maximum values in mu ch quicker
time ranges (microsecoals~ , the tes t c o n f i r m e d the -

assumption that a flexural or me mbrane mechan i sm would be
the primary loading mode.
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Figure 13 — ~~2LCAL IM PA T  TI~ E HISTD~~
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D. N0N—~ ESTRUCTIVE TESTIN3

It was necessary to examine each plate after every

impact loading to determine if any damage had occurred. The

tests had to be quick , inexpensive and non—destructive since
many tests would be ceguirea during the coirse of the

experimen ts. Several methods of non—destructive testing

were considered , i n c l u d i n g :  u l t r a s o n i c  sound , X-rays , an d a
new liquid crystal process.

1. ~~~~a onic Tas t i al

An Au tomation Industries Inc., Sp e r r y  Division,
Model tIM—ill Reflectoscope Ultrasonic Testing lachine ~as
examined for its ability to meet the requirements. The

• machine was e;uipped wi th 2.25 M11 z and  5.0 M~iz zero  degree
transducers. It also hal 2.25 p1Hz transducers with sound

inpu t angles of (45, 50, and ~0 degrees. All the

transducers , i nc lu d ing  v a r i o u s  com b ina tions , were  used on
two different graphite epoxy panels with known flaws. 3ne

panel had the standard surface finish, and tue other was
specifically manufac tured to give a very smooth surface

finish. Both the shear ari d through modes were attecipted,

along with the different angle input modes.

The panels with n o r m a l  s u r f a c e  roughness , from the

bleeder plies !lsed in m a n u f a c t u r e , w ere d i f f i c u l t  to test.
The sound return from both the front (input), and back
surfaces was lost in the cLutter caused D1 the r o u g h n e s s .

The plate with a smooth surface allowed a reasonable

input and back surface echo, but the plate was so thin that
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these r e f l e ction s occupied the en tire u sefu l  r a n g e  of the
echo returns. Known flaws couLd be detected in the clutter
using the highest freguency, ou t it was difficult to get any

con t inuous , consistent  returns. This was t r u e  even w i t h
known , large f l a w s .

Other modes of the machine were tested with negative

results.

For a plate as t h i n  as tn i s , a highe:  f requency
transducer might have given useful results, but for the

purposes of this investigation ultrasonic testing was

discarded.

2. 
~~~~~ ~~~~~~~

A portable X—Ray ~achine -was tried as a means of

non—destruc tive testing. A General Electric LX—43 Portable

Industrial X—Ray ~Jnit was set—up to exam ine a graphite epoxy

panel with known flaw;. PoLaroid film was exposed at

various kilovol t and time  sett i ngs  to de te r m i n e  the
procedure ’s usefulness. Even at the lowest setting of 70

~ilovol ts and 10 seconds , the plate did not absorb enough

energy to produce an inage. The pictures obtained had no

contrast and no detail. A machine capable of ~ven smaller

energy output would proba oly still have difficulty obtaining

any contrast due to the light atomic weight of the carbon.

This means of non—des tructive test was abandoned.

3. ~~~

Shaum CRef. 5] developed a metho d f o r  using
temperature sensitive liquid crystals for damage evaluation

in graphite epoxy laminates. This method was used with
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excellent results.

After preparing plates for testing , they were

painted flat black on ie side. L igu id  c rys ta l s , w i t h

temperature sensitivity of 30±1 degrees centigrade , were

mixe d with water and a small quantity of wetting compound

(liquid detergent). This mixture was then spray painted on

the plate to be tested.

After each impac t during the dynamic testing, the

plate was examined for damage. This was accomplished by

selectively hea ting all, or jus t a por t ion , of the panel,
and watching the heat transfer cause the liquid crystals to

change color. An y damaged area would experience a different

neat transfer rate and thus wouLd change color at a

different time from an undamaged part. This method was

sensitive enough to show even slight compressive

inden tations in the surface prior to their becoming visually

or tactually evident.
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A. FINITE ELEMENT MODEL

SAP IV , a structural analysis program for static and

dynamic  response of l inear  sys tems oy Bathe , ii lson and
Peterson (Ref. 5] was used as an analytical tool.

Two finite element m lels of a plate were made for

analysis. The first model was a coarse model consisting of

only 16 square plate eLements , 1.125 inches on a side , for a
4.5 inch square pla te. This model was used for initial

“coarse ” investigation at a small cost in computer time.

The second model was a fine model with 32(4 pLate elements,
.25 inches square, and used considerable computer time.

The result; produced by SAP IV using these models were

compared with known , exac t solutions for aluminum plates.

Timoshen ko and Woiuows ky-Krieger [Ref. 7 ] solve d t he s imply
supported, concentrated load problem , which was used as the

reference solution. Pigure 11 shows a plot of the

deflection versus posi tion n a pla te ( f r o m  an edge  to the
center keeping ! :onstaat~ under a 103 pound load. The fine

finite element model is .4~ stiffer than the exact solution,

where the coarse m odeL is 5.5% stiffer than the exact

solution.

The dynamic analysis section of SAP was addressed to

compare its modal fre4lericy with an exact solution.

Meirovitch CRef. 9] gives an exact solution for the

(4 1
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vibration frequen:ies of a rectangular plate:

FREQUENCY . ~I2\J
I~ -?+c.~

_
~j  

m,n •

The coarse f i n i t e  e lement  model resul ts  were w i t h i n  .5% of
the exact solution . Since  this a g r e e m e n t  was considered
more  t han  sa t is fac to ry ,  t a s  fine model was not run.
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B. STRESS DISTRIBUTION

In order to limit the required amount of computer data

- : reduction by de te rmin ing  where , initial failure could b~a

expected , an analys is  was p e r f o r m e d  using SAP If to
determine the stress di s t r ibu t ion  on a ty p i c a l  plate.
Figure 12 illustrates the  resul ts  of th i s  study n a simply
supported plate with a concentrated load. The stress

concentration was the highest at the center of the plate,
and this indicated that initial failure analysis could be
l imited to the immed ia t e  vicinity of the center of the

plate.

(4 (4
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. FAILURE CRI EE ~ IDM

rests made by M c Qu i lL e n , Liorens , and  Gause :~~e f .  9] on
composite  beams d e m o n s t r a t e d  a f l e x u r a l  f a i l u r e  mo de .  Thus ,
for this investigation the assumption was wade that the
fl exur a l  fa i lure  mode w o u l d  p r e d o m i n a t e .  Since each lawina
was significantly weaker in the transverse direction than in
the direction parallel to the fibers , and since the
outermost layer would have the highest stress level , it was
expected that  the  p r e l i m i n a r y  f a i l u r e  would be in the
outermost  layer in the transverse direction. After this

failure, the load n o r m a l l y  carr ied w o u l d  be t r a n s f e r r e d  to
the next layer. If this  L a m i n a  could no t  carry tu e  load in
its transverse direction , failure of the plate was assumed.
Each lamina ’s longitudinaL strength was so large that no

failure was allowed in that direction.

Returning to Jones def. 3], the strains are:

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

Since it is assumed tha t t~ e l eng th of the middle  sur face  of
the plate is constant, the first partial terms can be

dropped .

Using,

EDT’ 1M~
the middle surface curvatures are found. h aving these , and
the stiffness matrix for each lawina , the lam in a stresses

are found from :
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Knowing the stresses and the ultimate failure stress,
failure can be predicted.

A computer program was written in Basic Language to
evaluate failure. The ia?ut consisted of the moments per
unit  length in the C , ~~, and U directions. The program
started by comput ing the  stresses in the  outer t w o  layers,
as outlined above , using appropriate coordinate
t ransformat ions .  It then set the  transverse and shear

modulus for the outer L a m i n a  to Zero and computed  th e
stresses on the next layer. Failure was assumed to occur
when the transverse ultimate f a i l u r e  stress was exceeded in
both the outer and next layer. The program is included as
Appendix 3.
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V . SrATI~ TEST RESULTS

Seven static tests w e r e  pe r fo rme d , six involving  loading
to f a i lu re .  Three  t e s t s  used th e  Larger  p e n e t r a t o r  and
simply supported boundar ies .  Two used the  smaller
penetrator  and were aL s o  s imply  suppor ted .  On e  test was
conducted using fixed boundary conditions and the small
penetrator.  The last pLa te  was not loaded u n t i l  fa i l u r e ;
instead, it was partially loaded and then used for

microscopic examination.

Figures 13 and 1(4 show the result; of all static test;.
The static failure energy, as outlined by ~cQuil ien ,
Liorens, and Ganse :Ref . fl for beams, was one h a l f  the load
times the displacement.

All failures, with one  except ion , involved the same
fa i lu re  mode , and Figure  15 and 15 are typical examples of
this mode. The only exception was the test iith fixed
edges , and Fig . 17 i l lus t ra tes  its mode .

During the course of the static tests it was apparent
that a “yield ’ point was experience d . This poi nt occurred
at approximatel y half the ultimate load when the panel would
experience a decrease in load wi th  no increase in
displacement at the  center  of the  plate. & i g u r e  1(4
indicates that  th is  was  common to both penetrators and

boundary  conditions. :oase~ ua n t ly ,  a p l a t e  was I. aded to a
point just  beyond th is “ y ie ld”  point , and then sect ioned and
prepared for microscopic examination. As the plate was
loaded a large deflection occurred in the plate which was
very similar in size a n d  shape  to t he  s tandard  fa i lure .
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Figure 18 indicates this deflection area, and shows were the -

sections 
- (marked 5) were t aken .
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VI. )~~ A MI TEST R E S U L T S

Figure  19 s i m m a r i ~ es the  resu l t s  of the d y n a m i c  tests.
Each plate was impac ted  r e p e a t e d l y  by the  p e n e t r a t o r , at
constant velocity but with progressively increasing mess
until f a i lu re  occurred. F a i l u r e  was  evidenced ~y a loud
cracking noise, virtualLy no penetrator rebound , and gross

delamination. The energy reguired for failure is indicated,

and is one—half the mass times the velocity sgaared. After

each impact the plates wer e examined foc damage using the

liguid crystal inspection technigue. In all of these tests
the smaller size impactor was used.

Each fa i lur e, wi th  one excep t ion , showed the same
failure mode as the static case shown in Fig. 15 and 16.
The one exception occu r red  a t  20 f e e t  per second , and
appr o ached ball ist ic in n a t u r e .  F i g u r e  23 shows  th is
f a i l u re  wi th its a lmos c  comple te pene tra t ion , and splaying

of the delaminatel layers on the back (non—iwpact ~ side.

Ear ly  in each  test , damage was observed in the plates.
This damage was localized in the immediate area f impact.
When it started it was o a r e l y  d i s cern ib l e  us ing the  liquid
crystal technique, but as the tests progressed it became
easier to see. After many impacts , the damaged area was
delaminated , and this coild be determined by careful tactile
examinat ions.  It did not  appea r  to nave any effect on the
the ultimate failure energy. This “bruised” area was

subjected to a micros :o?ic e x am i n a t i on .  It was section 1A 2
in Fig. 18 and is shown enlarged in subsequent figures.
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VII. 
~~~~~~~~~

There were three  s t r i k ing  p h e n o m e n a  encounte red  dur ing
ttie course of the tests. The first was that the strain
energy for fa ilur e  in t h e  s ta t ic  tests  and  the im ?ac t  energy
for f a i l u r e  in the  d y n a m i c  tests were  egual  and  constant .
The second was the initial dynamic damage that occurred well

before the u l t imate  f a i L u r e .  The third was the lar;e
deflections encountered.

As the tests  and a n a l y s e s  p rogressed , t h e  large
deflections had an important influence on the correlation of

exper imental  and theore tica l  results .  T h e  plates were  .J~$3
inches thick and static failure occurred at pLate center
deflections of approxi*ately .35 incnes. £~iis means
deflections were  eigh t to nine times larger than the
thickness of the plates.

An analysis was attempted to correlate the actual

results with theoretical solutions. Five exact and finite

element solutions were ootained for the static case and an
in tensive structural dynam ic response analysis was attempted

for the dynamic cases. These i nves t iga t ions  w e r e  t h w a r t e d
by inadequacies in the  basic assumpt ion of small
deflections.

The plates all expe r i enced  a common failure mode for
both the static and dynamic tests. ~icroscopy was utilized
to examine this ultimate failure sirface and mechanism.
Further areas addressed with microscopy included: a
pre—failure dynamic dam age zone , or “bruise ,” that developed
on each panel; a “yield ’ point that occurred during static
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loading at approximately ae half the ultimate load; and the
fiber f a i l u re  mechanism.

A. STRAIN RAT E DEPENDEN:E

As indicated in Fig. 1~4, in one large—pe actrator test
the specimen seemed to  be s i g n i f i c a n t l y  s t i f f e r  than  the
other plates, all of which showed quite similar
load—deflection curves, regardless of penetrator size. The
only parameter which differed in this “stiffer” test was the
ra te of loading, which was higher than that ised in the
other tests. No f u r t h e r  ~u a l i t at i v e  a n a l y s i s  was  per formed ,
but the rate of loading was kept as low as possible.

Further  tests then yielded consistent , repeatable results.

B. FAILURE MODES

All failures, both static and dynamic , showed the same
failure modes (Fig. 15, and 16]. There were only two

• exceptions. The first was during testing of the fixed plate
with the smaller 3enetrator. This failure was illustrated
in Fig. 17, and was a form of snear. Although the plate ins
stiffer than the simply sipported plates, it responded in a
similar manner  until  the  “ y ie ld”  poin t  was r e aca ed .  A f t e r
tha t  point , the p en e t r a t or  v i r t u a l l y  sheared t n r o u g h  the
plate . The second exc ept ion  was one test at 23 feet per
second. The failure mode approached ballistic in nature.
Figure  20 i l lustrates the  almost  comple te  p e n e t r a t i o n , and
the splayed lamina arouni the exit hole.

The choice of 23 feet per secon d as a limit for the

dynamic tests was justified. Since one of the four tests
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conducted experienced this failure mode , this speed range
was in the t ransi t ion f r o m  f l ex u r a l  f a i l u r e  mode to a
ballistic fa i lu re  mode. 

-

The size of the plate was sufficient to keep the plate
in the flexural failure , instead of shear failure , mode
dur ing  static tests. A l L  tests in the  s imply  suppor ted mo le
were flexural in’ nature.

1. 
~~cE2~22a ~~~!~1A~U~ 21 ~~L~~LAI~~~

Section 1A3 [Fig. 18] was cut and mounted for light
microscope examination. Figure 21 shows the region outside
of the gross delamination area typical of failure. This
section appears relatively intact with very minor

delamination. There ace several  small lamina fcactures in
the outer two layers runn ing with t h e  f i be r  li re~ t ions in
the matrix , and th~se minor cracks are associated with a

slight delamination.

Figures 22, 23 , and 24 sh o w the lamina  in the gross
delamination region. These show extensive delamination , ~~~

• numerous large cracks  in tne  m a t r i x , be twe en f i~bèrs ,
penetrating entire lamima s. Each delaminatio n between
laminas appears to have at Least one crack p e n e t r a t i n g  the
lamina directly above or below. Figure 2~ illustra tes this,
with delaminations and associated fractures of tac ad jacen t

laminas.

Totally flexural failure dam age should have been
concen trated in the outermost layers where the largest

stresses occurred. Figures 22, 23, ari d 2’4 all demonstrate a
significant failure ot the middle two layers in their
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t ransverse d i rec t ion .  The  a s s u m p t i o n  tha t  t h e  middle
surface of the plate lid not experience extension ,
therefore, is invalid. This would indicate that theoretical

analysis based on small deflection theory is inappropriate.

In Figures 21, 22, and 24 the damage is most intense

on only one side of the pLate. The outer two layers on the

side opposite the applied load appear almost intact. A
quan t i t a t ive  e x a m i n a t i o n  f all failed plates showed an ev3n
distribution of damaged outer layers. Some plates showed

gross lamina fracture in ooth outer layers. )taer panels

had damage on only the loaded side and vice-versa. Thus,
the two intact layers are not considered significant.

A section w a s  cut for  t h e  scann ing  electron
microscope (SE~~ evalua t ion as indicated in Fig. 13. Since
this was an area of gross delam ination , the top (or loaded

side) two  layers s e p a r a t e d  d u r i n g  s ec t ion ing .  Th e s e  layers
wer e prepared for evaluation.

Figure 25 shows a typical fracture , or crack , in the
- - epoxy mat r ix  r u n n i n g  t r i r o u g h  the  ou te r  layer.  Figure 25

demonstra tes a similar  f r a c ture, f u r ther illustra ting  th e
complete penetration of the m a m a. The entire outer layer ,

a zero degree layer , was extensively cracked. Figures 27,
28, 29, and 30 sho w typicaL fractures in the first 45 degree

layer.

Figures 27, 29, and 30 have remnants of the third

inner layer (45 iegrees~ which are evident as epoxy and some
fiber fragments running at right angles to the original
layer .  This was typical of all the gross delamination
surfaces.
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Of particular interest is the continuity of the

fibers in the layers. UL inter—lam inar failures occurred

at the epoxy—fiber joints with no d iscerniole  f i be r
breakage. A quantitative analysis, presented in Fig. 31 ,
indicates that slightly over ten percent of the inner lamina

epoxy—fiber joints have broken. These failures are long,
parallel to the fibers, continuous , and appear to penetrate
completely. This would indicate an inaDility to carry any
load in the transverse direction while still maintaining
strength in the fiber direction. This would be consistent

- - with the low transverse , bu t very high lo n g i tudinal ,
strength and failure characteristics. The transfer of this

transverse load to the next lanina would cause large
inter—laminar shear forces , ari d this could account for the

gross delaminations. The observation that all delaminations

appear to have an associa ted ma tr ix  f r ac ture , or crack ,
S f u r ther supports this theory.
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During static loading of the plates , t h er e  was a
pronounced “yield” poin t at approximately half the ultimate

load. At this point the panel would experience a decreased

load with no increase in displacement , accompanied by loud
cracking noises. Figure 14 gives plots of tha se  points.  A
plate was loaded just past this “yield” point , and then
sectioned (55) as snown in Fig. 13. Using the light
microscope, Fig. 32 shows an area w h e r e  al l  eight lawina are
delaminated . In Fig. 33 there are just a few lelaminations,
but both pictures show extensive damage to the underside
(side opposite the load~ zero degree layer.

figures 34, 35, and 36 all show the same damage to
the bottom layer along with assorted other delamiriations ari d

cracks. Figures 31$ and 3 have matrix fractures associat ed

with delaminations. In the nicrophotographe , the damaged

outer layer was probably accentuated by the reaction of the

plastic mountin g material with the epoxy, as p rev ious ly
described.

Although there were other varied types of damage,
the major fracture mechanism was the failure of the zero
degree lamina on the side opposi te the load. tt is
con jectured tha t the “ y ield” poin t  e n c o u n t e r e d  is the
failure of the outer  layer in the transverse direction and
the shifting of this load to tue inner 1.amiaas. Due to the
geometry of the lay—up and .the strength characteristics, the
next two 145—degree laiiinas could more efficiently carry tae
load transverse to the zero—degree layer.

The useful , or safe working, load of the ?Late would
be limited by this “yield’ point.
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SE TION 58, 7 5K

76

- - ________ - _____  —______________________________________



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

150 u

~~TJ1
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SC TI3N 58, 75K
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Figure  314 — LI GH T ~t~~ DSCDPE , “!IELD” POINT EKAMINATI ~ t4,

SE2rION SB, 2)3K
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Figure  36 — LIGHT ~1I~~~)SC3PE , “YIELD” POINT EXAMINATI ON ,

SE:rION SB, 2 33K
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Early in the impac t loading history, a “oruise ” wa s
noted in the immediate il?act area. This abnormality could

first be detected using the liquid crystaL inspection

method. As each test progressed , the “bruise ” could be
detected by carefully sigatiag- across the face of the panel

where it appeared as a sLight bulge. This damaged area
never grew larger than the immediate area of impact.

To examine this pa~ n omen on further , a section (1A21
was cut from a panel as shown in Fig. 13. Figure 37 is in

an area just outside the ‘bruise ” arid shows little damage.

-~ Figure 38 is in trie edge of the pre-failure damage area, and
has all plies, with the exception of the middle two ,
starting to delaminate. Figure 39 is well into the impact

area and delamina tion is e~ tensive.

The “bruise” delamina tion and the typical failure

differ. In the “bruise ” area, more  lam ina ar e  involve d

• extensively without as m any associated matrix failures in
adjacent m a m a. There are also no failures of the inner

two lamina s in the transverse direction.

This damage mech anism is theorized to be a form of
spalling caused by the intensive compressive stress wave

• t ravel ing throu gh the thickness of the material ori impact;

Ref. 10 applies.
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4. Microsco~ ~~~at ion  of Fi ber Fa~~~ res

• Very few fiber failures were found , and ta~ cause of
those fa i lures  was hard to determine.

Figure 140 shows a single bro ken fiber in  the 45
degree layer of the Scanning Electron Microscope sample.

Figure 41 shows a bundle of broken fibers in the zero degree
outer layer of the same specimen.

The broken f i bers in these pic tures show 45 degree
fracture surfaces. This would be indicative of shear
fracture under high strain rates according to ;oarigelo and

Heisar (Ref. 11]. Thee could also just be the ends of the

fibers as manufactured.

Because f the rarity of broken  f i bers a n d  the f ac t
that fibers are not nocmall y continuous in a Lauiina, rio
significance was assigned to these fiber fractures.

It appears the lack of strength of the Lantinas in

• the transverse direction was the significant factor in
failure of these 3lates. Adding 93 degree lamin as mi ght
have provided a large increase in impact resistance and
stat ic strength.
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Figure 40 — SEM , A BR OUN F I B E R , 5203K

86

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



r_ -,--r55 ,— - -~~~~ _ --? T7~_. - - _ T~~~~n~~~_ _ . ~~~~ - - 2-t ‘- r~~’ ~~~~~~~~~~~~~ ,.r t

5 u

- -

1- 
~ 

-
~~~~~~

14144
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C. ENERGY REQUIRED FOR F~IL(JRE

Figure 42 is a plot of the energy reguired for ultimate
failure for both dynamic and static cases. Only simply
suppor ted  plates , using t h e  smal l  p en e t r at or , w e r e  plotted.
A least—squares f i t  of f i r s t  and second order were  plotted ,
and, within experimental accuracy, the energy foc failure in
both s tat ic  and d y n a m i c  cases  was c o n s t a n t .

Since a constant impact energy mechanism was manifest

and this ener gy  equal led  the sta tic strain energy to
fa i lu re, the correct dynam ic model scents to be a one

-

- 
degree—of—freedom lumped parameter spring mass system (Ref.

93 .  The general , con tin u ou s , s t r u c t u r a l  d y n a m i c  response
model was not indicated. However , an extensive series of
dynamic response studies was  p e r f o r m e d  using t h e  d y n am i c
response section of SAP U ~R e f .  

~~
]. Tue parameters of

impac t duration , impac t shape , num ber of natural modes

utilized , an d constitutive properties were all varied. In

all results the experimental values showed the actual plate

as being significantly stiffer than the mo del , and no
correlation between the experim ental results and the finite
element dynamic structural response analysis could be

obtained .
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D. STATIC SOLUTIONS

With a cons tan t  impac t  ene rgy  f a i l u r e , a s t a t i c  solution
to the plate problem would also provide th? dynamic

solution. Figur~ ‘$3 is a plo t of several different

solutions and the average experiment al results.

The exact solution f Timoshenko and Woinowsky—Krie ;er
Ref. 7) for an orthotropi: plate were computed and plotted.

The design manual’ s (Ref. 2] exact solution was also plotted

using both sets of devel~ ped constitutive properties.

The finite elemen t model was used for the fixed edge

solution , and the  s imply  suppo r t ed  so lu t ion  using the smal l
penet rator .  It wa s a l s o  use d for the simpl~ suppor ted
solution using the large ?anetrator. The large penetrator

was simulated usici; the experimentally obtained
displacements. A drawin ; was made of the displacements with
the penetrator  ov e r l a i d .  Th e  lo ad  w as  a s s u m e d to be a
pressure distribution in the same shape and proportion to

S the contact area of the p an a t r a t o r  on the  displaced plate.

As can be seen from ~i;. 143 , the theoretical results
agreed wel l, among t h e m se l v e s .  The axact and finite e lement
solution for a c o n c e n t r a t e d  load w e r e  w i t h i n  a percentage
point; however , the  tha retical and  e x p e r i m e n t a l  results
wer e in s igni f icant  d i s a gr e em e n t .

From the microscopi c  an a l y s i s , t h e  s ta t ic  theore t ica l
analys is , and th e dynam ic theoretical analysis it was

determined that small  d e f l e ct i o n  t h e o r y  wa s  unu sab le .  These
pla tes, due to their small thickness and relative

flexability, were more appropriately considered in large
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deflection theory.

Ch i—T eh Wang :Ref. 12] has solved t~ e static proble m f o r
a large deflect ion, simp1y suppor ted, u n i f o r m l y  loa ded
plate. Although not dir ec t ly  a pp l i c a D l e  to t h e  problem
considered here , his  r e s u l t s  show t h e  same general  form for
a uniformly loaded plate as these experimental results for a
concentrated load plate. 

-
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A. The dynamic and static failure modes  f o r  s imply supported
graphi te—epoxy p lates  u n d e r  e i ther  c en t r a l  concen t ra t ed  load
or low—energy impact are the  same.
B. Between zero and twenty fee t  per second large deflection
fa i lu res  of g r ap h i t e— e p o x j ,  s imply supported plates occurred

at a constant en ergy.
C. There was a “yi eld p o i n t ”  w h e r e  da m age  occurred in static
loading.
E. There was localized stress wave damage in the immediate ,

dynamic contact area.
F. Linear, small—deflection theory is not applicaole to thin

graphi te—epoxy plates loaded to failure.
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IX. RECOMMEN DAT ION S

An exact , la rge  de f l e c t i on  solution should be developed

to ana lyze  thin plate responses  to concent ra ted  loads.  Once
this solution is in h a n d , a good a p p r o x i m a t i o n  can be ma de
for low energy , dynamic damage thresholds using energy

rnethods. This informatio n can then be used for b t h  design
and operational maintenance.
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