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ABSTRACT

An experimental and theoretical analysis was
performed on low eanerjy iapact 1lo2diag of thin (.040
inches) graphite-epoxy plates. Six-inch sguarz plates
vere subjected to dynaaic impact (below the ballistic
range) and static 1oaiing. The plate stati:c strain
energy and dynamic iampact energy for failure were
equal and coastant. Theoratical analysis was
performed using both exact and finite element a2thads.
Small deflection th2dry was assumed and fouad to be
inapplicable; the plates behaved in a manner
indicating that a larjyes deflection theoretical model
would be more appropriate.
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PABLE OF SYMBOLS

A Extensional stiffasss matrix

B Coupling stiffness matrix

D Bending stiffnass matrix

E Exponential power 2f 10, Modulus of elasticity

G Shear moiulus

N Force per unit l2ngth ‘

| Moment per unit l=2a3th

Q Lamina stress-stcrain material propertiszs

2 Lamina stress-striin material propertiszss 1
, corrected tdo th2 plate's axes ;
| U Displac=m=nt in ta2 X direction |
‘ v Displacement in the Y direction

W Displacema2nt ia tas Z direction

a Plate dimsnsion ia X direction ' 1

b Plate dimension ia Y direction

t Plate thickness ;

¥ Shsar strain

€ Strain

8 Angle of lamina fibers to thz plate's X axis

A Curvature

K Microns

\J Poisson's ratios
. P Density //
4 o Stress v

L] A square natrix //
1 8 A column matrix b
' Subscript @
t K Lamina identification ' ////

L Longitudinal or fibar direction 5

ij Matrix location i,j=1,2,3 /////
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A symmetric lay-up

Transvecrse direction
Plate axes
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Middle surface
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Composite materials have a tremendous poteatial in the
structural field. Although their future value in the
aircraft industry 1is -exceptional, ther2 still remain many
unknowns. The respomse of graphite-2poxy composite platas
to low energy impact 1oading is one of these uanknowns.

Lov energy impacts are a common occucrence on
operational aijrcraft. A mechanic droppiag a wrench, or a
stone thrown by a tir2 are typical -examples. It is
important to know ho# composite panels rsact 40 these
impacts in order to be able to confidently pr=dict a damage
threshold. An accurat2 mad>iel for damage would be helpful ia
both the operational and d2sign fields. Operationally, the
ability to -assess damag2 to a panel which is known to have
been hit, but which has an> visual manifestations >f damage,
will produce batter maintained and safer aicsraft. The
designer will also be bettar able to produce aa aircraft
capable of operation throughout its design environment.

A series of tests, both static and dynimic, wara2
pecrformed to analyze ths response of a simply supported
plate to impact loading. The plate was a syametrically
laid-up graphite-a2poxy plate six inchas sguars. The dynaaic
tests used a variable~mass steel penetrator of spherical
shape, at impact speeds >f ten, fiftezen, and twenty feet per
second. Each plate was iapacted by iancrementally increasing
masses until failure occurred.

There were three basic types of failure expected. These
included: static shear-o>ut, where ¢tha penetrator shear=3

12




through the panel causinj only local damage; flexaral, wherz
the failure was causel primarily by obending 21d membrane
stresses; and ballistiz, where complete panetration
occurred. It wvas assun2d that wave stresses would have
little influence, and that flexural failare woulid
predominate. S»all deflactions ware initially assumed and
membrane stresses were n23jlectel.

The Kirchoff Hypothesis for plates was adopted:
straight lines normal to an und2formed middle sucface were |
assumed to remain straigyht and normal to the midile surface i
in the deformed state. PFurther, it was assumed that rormals
to the middle surface do nd>t change length.

The investigation proceeded in the following manner:
first, the coastitative properties of the plate material
were determined both analytically and experimesntially, thea
the experimental apparatus was sa2t ap and calibrated to give
the desired range of iampact velocities. A aumber of

non-destructive techpiju2s for iaspection of 3dazaged fplates
were considered and tested. Pinally, a series 2f static ani
impact tests was run, anl the resulting damage was evaluated
using both nondestructiva and destructive test methods,
including scanning-electron-microscopy.

Concurrently a theoratical investigation was undertaken
to see whether siample linear theory could be of use in the |
analysis of the plate impact problea. Static 2aad dynamic |
solutions were sought wusing SAP IV, a finite-element
structural analysis prograa. Initially, known <closed form
solutions were compared with SAP IV solutions for static and

dynamic loadings. Then specimen constitutive properties and
experimental loadipg paraaeters were 2ntered in ta2 progranm,
and solutions were compacr2d with experimesntal data. |

The procedur=2s used and the results gained are detailed

13




in the following sections.
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A. MATERIAL PRJIPERTIES

The plates used wer2 coanstructel from 12 inch wide rolls
of UCC Thornel 300 (uatwist=23) Sraphite Fiba2rs, in a
Rigidite 5208 matrix, sapplied as a B-stage pra2preg by the
NARMCO Materials Divisior of tha Celanese Corporation.

Twelve-inch sjuare panals w2re constructed following the
manufacturers recommended procedures, and thosz of Linnander
(Ref. 1]. Thas2 procelures were designed to> give a 553
fiber contant by volume. The lay-up was =2ight lanina in 2a
symmetrical configuration as indicated by PFij. 1. The
standard laminate orientation code for this lay-up [Ref. 2],
was (0,:“5,0)3. After the proper cure, thes panels war2

juartered to give six-inch sguare plates.

Some of the 1lamina propertiss pra2dict23 by NARMCO
Materials includel, in pdounds per sjuare inch:

Flexural modulus (longituiinal)=22.0 E6
Flexural modulus(transvecse)= 1.6 Eb
Tensile modulus of coupon sampl2 (ld>gitudinal)=20.5 Eb
Tensile modulus for coupoa sample (transvarse)=1.47 E6
Plexural ultimate stress (longitudipal)=295 E3
Flexural ultimate stress (transvers=2)= 11.5 E3
Tensile ultimate stress for coupon saampl2

15
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Pigure 1 - ORIENTATIDN OF LAMINA ON A LAMINATED PLATEe

16




(longitudinal)=215 E3

Tensile ultimate stress for coupon sampl2

(transverse)=6.75 E3

Compression ultimate stress (longituiinal)= 198 E3
Interlaminar shear ultimate= 17.8 E3

The published propertias 4did not iaclude either of the
Poisson ratios >r the shear modulus. Th2 nominal thicknsss
of a laid-up piat2 was .)40 inches.

B. THEORETICAL CONSTITUCLVE PROPERTIES

Jones [Ref. 3] develop=d equations for the constitutive
properties of a laminat> from known laamina proparties and
laminate lay-up.

Beginning with th2 known properties the constitutive
properties of each lamina in relation to the laainate was
determined. Lamina with Eiber direction coinciieat with the
axis of the plate; and plane stress:

(o = Q (3

KIPLAYER K K

For 1laminas that were not on the prianciple plats axis th2 Q
matrix was ao0difiel with a suitable coordinate
transformation. This applied to> the t 45 degr22 laminas:

R = QuC0S'® +2(Qu+20,)SINBCOS™E + B SIN'G
Ga = (Qu + Quz- 4Que) SIN?OCSB+ Qu(sN'0+C058)

Tu = QuSIN'G + 2(Qus 20uc) SINOWS™S +GuC0S'E

Qie = (Qu-Qn-2Qw)SINOCOSH + (Q12-Qz2+ 2044 )SINOCOSO
G = (Qu-Qu 206 ) SIN'O COSB + (B1-Qur+2Qee) SINO COS’O

17




Que = (Qu+Qa ~2Qi-2Qe)SINBC0SD + Qe (SIN'D + (081

For small strains and linear elasticity, utilizinjy
classical laminate theory, the stresses in any layer were
expressed in tecrms of midile sucface strains ani survaturss,

tot= Lo ] {323,

By integrating the stress in each lamina over th2 thickness
of the laminate:

2
Nx _%O; dz

and

M, _ZO,Tzdz

the following relations wa2re obtainzq:

] = [a]ged +[a] (%}
Ml = [e]{e}+[0] (1]

where for 2xtensional stiffness:
n

Ay - %(a ) (2-2)
for coupling stiffnass:
' 2 2
. Q -
B, /2% (@ )¢ (2 -7

for bending stiffoness:

| 3 _.3
Dij /3; (Q“. )K(ZK zK—l)

The plates as constructed ware symmetrical. This forcad
the B, or coupling, matrix to zaro.

I> facilitate calculation it was desirable to> express

18




the constitutive properties in th2 form of 2ngineering
constants of an octhotropis matarial. The finit2 element
program used woild accapt 1ata in this form only.

The Design Mdanual  Ref. 2) supplies a means to
approximate ths ortastropic constitutiva properties
utilizing the A, >r extensional stiffness, matrix;

2 i
Exx = (A)) A22-Aj2)/ (THICKNESS)A22
Eyy =Exx A22/Ay
Gxy = A3z’ THICKNESS
Vyx=Aj2 /Ay
Vxy "A227A12

A simple coaputer projram was d2signed to take both th2
lamina constitutive proparties and lasinate coastcuction as
input. The program, in Basic Lanjuage, oatputs the
following: the indiviiual lamina stress-strain propertias
in rcelation t> the laminate, th2 axtensionallnatrix, the
bending matrix, the orthotropic constitutive proparties, and
the orthotropic stress-stcain relatioaship. This progranm is
Appendix A.

C. EXPERIMENTAL CONSTIIULIVE PROPERTIES

To verify the calcaulated constitutive properties, a

series of tensila tests was performa2i.

Threa specima2ns war2 preparel in accordance with the
dasign manual [(R2f. 2]. Ta2y ware nine inches long and one
iach wide. The first specim2n was cut from a1 twelve-inch
panel with the zero degr22 fibers runainjy parall2l to the
long dimension. The s2cond was cut so th2 za2ro degree
fibpers ran at a right anjl2 to the long dimension. The last
specimen was cut so on2 of the forty-five degr22 lamina's

19
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fibers were parallel to> tas long dimsnsion, and the 2z2ro
degree fibers were forty-five degrses off ths lo2ag specimen
axis. One-and-a-half-inca long and one-inch wils shouldasrs
were glued to both sides >f th2 outa2r one-and-a-1alf inches
of the specimen in ordesr t> distribute the 1local stressss
caused by mouating 1ian th2 tast machines. Th2 eiges, where
the shoulders met the specimen, wers bevaled to l2ss than 30
degrees.

BBH Electronics SR-% strain gags rosattes wa2r2 installed
on each specimen near th2 centar. Thes2 rosettess were type
FAER-25R-12S6 wita 120 2an resistanc2 and 2.04 jajy=2 factor,
They were wired int> 21 standard Wheatstone briige strain
measuring circuit.

The three specim2ns wers @nounted in a RIEiLE testing
machine. As they were slowly 1loaled to failure, strain
measurements wa2r2 increasntally tak=sn. Figurss 2, 3, and 4
are plots of the tast data.

The orthotropic soastitutive properties can be
datermined from the graphs. From this data, the Design
Manual ([Ref. 2] givas 1 siample calcalation procedure to
datermine the shear modalis:

Us(E + Eg+2VTEv)/ 8-V V1)
& 2 U Ey
LT su-Ey

From the graphs:

EL> 11.65 E6

Etr= 3.1 E6 Yir- 52
Ey- 61.6 E6 Vro= .14
20
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To verify Poissons ratios:

E
Yo V1o (-E-IL—) «.138 % .14

The shear modulus calculation gave:

G r=2.05 E 6

Summary of constitutive properties from tasts:

Ece 116 E6
Er= 3.1 E6 \)LT'-52
Gr=2.1 E6 EE

Using this data the stra2ss-strain relationships will be:

— pes

125 175 O
.75 334 O ES6 E
o o 2.1

D. COMPARISON OF CONSTITJUTIVE PROPERIIES

o

Since Poisson's ratios and the shear md>3iualus for an
individual lamina were 121>t given, th2s=s properties war2
estimated and entered into the <constitutive properties
computer program. Using ths orthotropic propertizs obtain=3
from the tests, the program was ased to iterite for the
unknowm lamina properties. The results wa2re disippointing.
The <calculated mad>dulus ia the Y dirsction was 2ijht percent
high, the shear modulus #as forty p=srceat high, and the
Poisson's ratios were thirty five percent high when tha X
direction calculated mojulus was forc=d to> equal the test
data.

A survey of the Design Manual [R2f.2] indicat23 that the
constitutive propertias obtained 2xperimentally were
comparable to common, m=3iam strength graphite 2p>xy plates
of similar constructioa. Ths oftbatropic vilu2s obtained
from the test data were is=2d unless otharwise nota2ji.
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E. FIBER-BPOXY VOLUME FRAZTION

Two independent tests were conducted to verify the fiber
and epoxy volum= fractioas. dJne m2thod was 1 chemical
technique, the other was a quantitative microscopic method.

Handley and Cross [R2f£.4%] outlia=2d the cheaizal method

used. Two fritted crucibles and tw> samples war2 dried in
an oven at 180 dejreses c2atigraile for thirty minates. The
crucible and coupon 42c2 then weigh=213. Th2 coupon was

placed in 80-90 degree centigrade, concentrated nitric acid
for fifteen to twenty ainutes. The hot nitric acid
dissolved or "digssted" ta= epoxy matrix. Aftar the =2poxy
was dissolved, the —r=2niiaing £fiber and acii solution was
rinsed with a vacaum assist in water and acetone. Ths
crucible with the fibers was dried in an oven at 120 degrses
centigrade for on2 to twd houré, ani then weighed. The
results wvere:

Sample One 3aiple Lud
1.0612 specimen w2ight in grams 1.3525
14.1733 specimen and crucible (before) 14.2385
13.9225 specimen 2and crucible (after) 13.9007
.2508 epoxy w2ight in graas .3378
23.6% epoxy by w2ight 24.8%
1.265 spacific i2asity of 2poxy 1.265
1.9-2.3 spacific ia2nsity of graphite 1.9-2.3
54-68% fibar by volume 63-67%

This. compares favorably #ith the desired 65%.

A quantitativs microscopic analysis was done to further
verify the fiber/epoxy mixture.

A section was taken from a plats asing a diamond cut-off
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saw, and cold wmounted in plastic. [t was th2n polisned
using grinding belts of 53) and 320 3rit, emory piper of 0
and 3/0 grit, and palisﬁing cloths with aluninum-oxide
slurries of 15 and .05 micrometer grit. The microstructure
showed sufficient resolution with just polishing, so etching
was not used. A nitric acid etch woull have s2lectively
attacked the 2poxy, if desired. TIh2 cold mounting process
caused slight sample d=gradation. Thz plastic attacked the
epoxy in the outermost layer. TIh2 attack was very slight
and confined to dissolviay the extram2 surface layer of
epoxy. If there was 31 well dsvelopei crack, the plastic
would also fill these with a corresponding light attack oa
the surrounding matrix onaterial. Tha plasticz mounting
material was also significantly softsar than th2 graphits
epoxy plate making it 1ifficult to obtain sgyuace edges on
the saaple.

Figure 5 details the ra2sults of the giantitativs
analysis. The illustratiosa is the 3))X anicrophotagraph used
for the analysis, which is a pictures of th2 a@iddle twd
layers of a plate. The data iadicates a fractioazal 1langth
of 1line within the <fibsr as .557. This 23uites to the
volume fraction giving 31 55.7% fiber volume, which <concars
with previous analysis.

The average dimension 2f tha fibsrs was also determined
from the microphotograph using standard gquantitative
microscopy tecaniquss. The averaga dimension was 5.4
microns. Since the specin2n was cut at 1 right aagle to th2
principle fiber orientatisa, this dim=nsion gives a close
approximation of the averay2 fiber diameter.
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A. EXPERIMENTAL SET-UP

1. Penetrator

Two variabls mass p=anetrators wars constcucted and
are illustrated in Fig. 5. The priasary penetrator was the
lighter, slimmer on2. It was coastructai with a plastic
pipe body sized to fit in the launchar tube. Th2 mass could
be adjustel from approxin2atly .J14 t> .J093 slugs. This was
accomplished by varyiny the weight £from ssven ounces to
three pounds with lead shot. The 1leaiing point of the
penetrator is half-spherical shaped and made 2f steel. The
larger all steel penetrator had a mass which coulil be variesj
starting at .085 slugs. This penetrator had ths capacity to
change both the leading point's shap2 anil its construction
material. The second p=netrator was not n22ded in the
dynamic tests.

2. Plat

Eixtuce

A massive steel fixture was built for both ths
static and dynamic tests. This fixturs is illastrated in
Fig. 7. It was carefully machined to have a flat tesst
surface and to have th2 top and bottom surfiaces parallal.
The fixture was made froa heavy stesl channels with a
one-nalf-inch thick steel base.
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Figauc2 5 - PENETRATDJRS
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PLATE TESTING FIXTURE
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The squace test sudports measureld four-and-one-half
inches on the insid2. Using a six-inch plats, 2ach plate
edge over-lapped the suploct by thr2e guarters of an inch.
The fixture also hal 2aa additional frame and 1 series of
clamps to secure all edges of the plates to th2 fixturss;
this frame would prevent all edge rotatiosa. Platas could be
mounted and testel in eithar th2 simply support2i or clampei
edge modes. Large hol2s wer2 driliel in the sides of the
fixture to prevent any pressure build-ups duriag dynanmic
displacenents.

3. Launcher

The desired impact velocity was achisvel by simply
dropping the penetrator €from an appropriate h2ight. To
insure that the penstrator would hit the desirsd spot on the
plate, and to provide for rca2peatable, 2asily aijustable drop
heights, the launcher sadwn in Fig. 3 was constracted. The
lauancher could b2 variad in height above the plaite via a
screw crank for fine va2ldzity adjustmznts. Both p2anetrators
were just slightly smallsr in diameter than the inside
dimension of the launcher tube, which was useld t> stabilize
the penetrator's flight. Launch was initiated by a switch
controlled solenoid waich remov2i a bar hd>lding the
penetrator in place.

4. Frame

A frame was constructed out of steel scaffolding,
and 1is illustrated in Pig. 9. Ths frame w+as plumbed
vertical and constructad 52 a h=2avy-15ad rateld concrete
floor. The launcher assembly was wmoved up ani down the
frame by a pullz2y and rcop2 arrangsasnt to oObtain course
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velocity adjustmants.
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5. Static Tests

Static tests w2r2 conduct2l on a RIEiLE testing
machine using the base fixturs, plate and appropriate
penetrator. Deflections were m2asared with a dial
displacement iniicator from the cross aca of the testing
machine to the working sucface.

B. CALIBRATION

The launcher-frame coabination was calibratei £for both
impactors at thres 3Jiffscent sp22ds. TIen f2et per second
was the lowest practical speed obtainable due to> launch tube
interference. Twenty f22t per s2cond w#was tha hijhest speed
desired in order to kee> in the flexural failure wmoie.
Fifteen feet per seconi wWas also uszi.

The calibration was 3one ealectronically. I'wo 1light.
sensitive photd>-transistors and their power supplies war2
placed two inchas apart, bracketing tas plate fixtura's
position relative to ths launcher. TIwo light beams ware
focused across the p=san2trator £flight path onto the
transistors, and an electronic timer was placei oetween ths
transistors. Th2 wood2n fram2 saupportinjy this apsaratus was
painted flat black to prevent spurious imputs. Speeds of
ten, fifteen, and twenty f22t per s=coad wers <calibrated
within two percent.
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C. IMPACT DURATION

The time and strain-aaplituds haistory of a typical
impact was obtained ts assist in the theoretical
calculations. A graphite =2poxy plate similar to the testai
plates was fittsd with a1 strain 3jage nsar the center of a
face. The straia gage was connect2l to a Wheatstone briidge
and power supply. An 2scilloscope was connected across the
bridgs and set to triggsc on impact. Thn2 scop= wis set for
single sweep mole, 12l h1ad a cam=ra amadounted to record the
trace.

Figure 10 1is a scope picturs taken using the larger
impactor at its lightest w2ight. The speed of impact was
approximately ten feet per seconi. Th2 oscilloscope time
scale for this photograph was .5 milisecoads per c2ntimet=r.
The amplitude was not calibrated and givas relative
information only. The strain in th2 plats reachsi its peak
value at one wmillis=2c21id according ¢to> this photograph.
After the impact, examiniation of the plate detarmined that
the strain gaje 1leads hai s2parat23 froam tha gige leaving
the validity of the results in Joubt. The test did give
several useful pi2ces of iaformation. It gave an indication
of the impact's initial saape aand ris2 time,and, since wave
stresses would have reaca=d maximam values in mach quicker
time ranges (microsecoais), the test confirmed the
assumption that a flsxural oc m21brane mechanism would be
the primary loading mods.
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D. NON-DESTRUCTIVE TESTINS

It was necessary to examine each plate after every
impact loading to deterains if any danage had occiarred. The
tests had to be quick, in2xpensive and non-destructive since
many tests would be —rc2juired during the couarse of the
experiments. S2veral =a2thods of non-destructive testing
were considered, including: ultrasonic sound, X-rays, ani a
new liquid crystal procass.

1. Ultrasoniz Testing

An Automation Iaiustriss Iac., Spercy Division,
Model UM-771 Reflectoscops Ultrasonic Testin3y Yachine was
examined for its ability to m2et the requirama2nts. The
machine was eguipped with 2.25 MHz and 5.0 Mdz z=2ro degree
transducers. It also hal 2.25 MHz transducers with sound
input angles of 45, 50, and 230 degrees. All the
transducers, including vacious combinations, w=2r2 wusei on
two dJdifferent graphit=s 2poxy panels with known flaws. OJne
panel had the standard sucface finish, and th2 other was
specifically manufactur=2i to giva a vary smodth surfacs
finish. Both the shear 1al through =1odss wers attemptad,
along with the different angle input modss.

The panels with normal surfacs coughness, from ths
bleeder plies used in maaufacture, w2are difficult to test.
The sound retura from both the front (input), and back
surfaces was lost in th2 :slutter caassd by the roighness.

The plate with 1 saooth surface allowed a reasonable
input and back surface a2cho, but ths plate was s> thin that
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these reflections occupied the entire us2ful ranje of the
echo returns. Kpown f£la43 couiLd b2 jetazted in the clutter
using the highest fregusncy, but it was 1ifficult to g=2t any
continuous, consistent c=aturns. This was tru2 even with
known, large flaws.

Other modes of th2 machine were tasted with negativa
results.

For a plate as thin as tais, a higha: frequency
transducer might have givan us2ful results, but for the
purposes of this inv2stigation wultrasonic tasting was
discarded.

2. Xc-Ray Testing

A portable X-Ray Yachins was tri2d as a means Oof
non-destructive testing. A G=n=2ral Electric LX-40 Portable
Industrial X-Ray Jnit was sa2t-up to 2xamine a graphite =poxy
panel with known flaws. Polaroid film was =2xposed at
various kilovolt and tine settings to dateraine the
procedure'’s usefulness. Even at the lowest se2tting of 70
kilovolts and 10 seconds, the plate did not abso>rb enough
snergy to produce an image. The pictures obtained had no
contrast and no iatail. A nachine capable of ®va2n smaller
energy output would probaoly still have Jifficulty obtaining
any contrast dus to tha light atoamic weight of tha carbon.
This means of non-destructive t2st was abandonel.

3. Liguid Crystal Iasting

w
icr

Shaum [Ref. 5] develop2l a methol for using
temperature sensitive liqiid crystals for damags evaluation
in graphite epoxy laminates. This m2thod was used with
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excellent results.

After prepariag plates for tesiing, they were
painted flat black on 212 siie. Ligyuid crystals, with
temperature seasitivity of 30x1 degrs2s centiyrade, war2
mixed with water and a smill guantity of wettiny compounid
(liquid datergent). This mixtare was then spray painted on
the plate to be tested.

After =2ach impact during the dynamic t2sting, the
plate was =xamin21 for danages. This was accomplished by
selectively heating all, or just a portiom, 2f the panz2l,
and watching the heat traasfer cause thes liguid ccystals to
change color. Aany damagad area woull exp=srience 1 different
heat transfer rate aanl thus wdould <change <cdolor at a
different time from an andanaged part. This method was
sensitive enough ) show avaan slight compressive
indentations in the sucrface prior to their becoming visually
or tactually evidant.
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IV. FELNITE ELEUENT ANALYSIS

A. FINITZ ELEMENI MODEL

SAP IV, a structural analysis program for static and
iynamic response of linear systems by Bathe, dilson and
Peterson ([Ref. 5] was us2i as an analytical tool.

Two finite el2ment ad>i=ls of a plate were made for
analysis. The first moi=l was a coarse model coasisting of
only 16 square plate el=a2ats, 1.125 inch2s on a side, for a
4.5 1inch sguare plate. This mo2i21 was us21 for initial
"coarse" investigation at a small <cost in compater tims.
The secondi model was a fine model with 324 platza elements,
.25 inches square, and us=31 considerabls computar time.

The results produc2i by SAP IV using these nodsls ware
compared with known, exact soiutions for aluminaam plates.
Timoshenko and Woinowsky-Krieger {[R2f. 7] solva2d the simply
supported, concentrated 1l>ad problem, which was used as tha
reference solution. Figure 11 shows a plot of the
daflection versus position on a plats (from an 2332 to the
center keeping Y constaat) uander a 10) poand 15ad. The fine
finite element mddel is .4% stiffer than the exact solution,
where the «coarsz moisl is 5.5% stiffer thaa the exact
solution.

The dynamic analysis seaction of SAP was addressed td

compare its wmodal frejasncy with an axact solution.
Meirovitch [Ref. 8] 3ivas an 2xact solutioa for che
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! vibration frequencies °2f 1 rectangulac plate:

FREQUENCY = n""\/; E%‘-ﬁ(-}ﬂ m,n = 12,...

The coarse fiaite elemeat model results were within .5% of

the exact solution. Sinz® this agresem=nt was considered
more than satisfactory, tas fine moi2l was not rua. |
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B. STRESS DISTRIBUIION

In order to limit ths reguired amount of coaputer data
reduction by determining where. initial failurs could b=
expected, an analysis was perforaed using 3AP IV ¢to
determine the stress 1istribution on a typizal plats.
Figure 12 illustrates th2 results of this study >a a simply
supported plate with a1 concentratzd Lload. Fhe stress

concentration w#as tha highest at the canter of the plate,
and this indicata23i that iaitial failaure analysis could be
limited to ths immediats wvicinity of the c2ater of the
plate.
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C. FAILURE CRITERION

Tests made by McQuill=2n, Llorens, aad Gause “ef. 9] on
composite beams d=2monstrat=d a flexaural failure a>de. Thus,
for this investigation the assumption was madie that the
flexural failucre mode w>ald presdominate. Since 2ach lamina
was significantly weaksr in the transverse direction than in
the direction parall=2l to tha2 fibers, and since the
outermost layer would havs the highest stress lav2l, it was
expected that the prasliainary failurs would be in the
outermost layer ia the transverse dirasction. After this
failure, the 12ad normally carria2i wouald be traasferred to
the next layer. If this lamina could not carcy ta2 load in
its transverse direction, failure o>f th2 plats wis assumad.
Each lamina's longitudinal strength was so 1larg2 that 12>
failure was allow#=2d in that direction.

Returning to Jones _:2f. 3], ths strains are:

G,‘:?Q’—Za-;-ﬁt W, d

Q% IV
Cy: §4 -z 29 Y= N * 5% -2Z S8y

Since it is assum=d that ta2 lsngth >f th2 middle surface of
the plate is coanstant, the first partial ta2ras can bpe

[o] £} - (¢l

the middle surfacs curvatucres are found. Haviny these, and

dropped.
Using,

the stiffness matrix €£>c each lamina, the laniia stressas
are found from:

i, cLellel,  { =l
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Knowing the stresses and the ultimats failure stress,
failure can be predicted.

A computer prograz was writtea in Basi> Language to

evaluate failurs. The iaput consistel of the mdoments per
unit length in the X, Y, and XY directions. The program
started by computing th2 stresses in the outer ¢tw#d> layers,
as outlined abova, using appropriate coordinate
transformations. It thean set the ¢transversz ind sh2aarc
modulus for th2 outar Llamina t> 2z2r> and computed the
stresses on the na2xt layar. Pailures u;s assum2l to occur i
when ‘the transvarse ultinate failurs stress was =xceeded in
both the cuter and next layer. The program is iacluded as
Appendix B.
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V. STATIC TESI RESULTS

Seven static tests ware perform=23, six involving loading
to failure. Thres ta2sts us23 ¢ths lacger pan2trator and
simply support=d boundaries. Twd ased th2 smaller
penetrator and wvwere also siaply sapported. DJae test was
conducted using fixed boandary conditions ani the small
penetrator. Th=2 last plate was not loaded until failurs;
instead, it was partially 1loaded and then used for
microscopic exaaination.

Figures 13 and 14 show the rcasults of all static tests.
The static failure ean2rgy, as oJutlined by M¥McQuilien,
Llorens, and Gauase _Ref., 3] for beams, was one half the loai
times the displacamant.

All failures, with Jane exception, 1involva2d the same
failure mode, and Figur2 15 and 15 ars typical 2xamples of
this mode. The only =2x>2ption was the test +sith fixed
adges, and Pig. 17 illustrates its aoje.

During the course of the static tasts it was apparaat
that a "yield" point was 2xperienc23d. This poiat occurred
at approximately half th2 ultimate 1oad when th2 panel woulid
experience a decreas2 in load with nd> 1iacrease in
displacement at the ceater of ths plate. figure 14
indicates that this was comnon t> both peastrators ani
boundary conditions. <Coas23uesntly, a plate was liaded to a
point just beyond this "yi=2ld" point, and then sa2-tioned and
prepared for microscopic 2xaminatioa. As tha plate was
loaded a 1large deflaction occurred in the plat2 which was

very similar in size and shape t5 tha standari failure.
\
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Figure 18 indicates this isflection area, and shows were the
sections (marked 5) were taken.
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Figure 16 - ED3SE VIEW OF A TYPICAL FAILURE !
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Figure 17 - STATIC SHEAR-OUT
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VI. DJINAMIC TEST RESULTS

R EmEme e e et e -

Figure 19 SJmmarizés the results of the dynamic tasts.
Each plate was impéctea c2psatedly by the penetrator, at
constant velocity but with progrsssively incr2asing mass
until failure occurred. Fiailurs was evidenced by a 1loud
cracking noise, virtaally no penetrator rebound, and gross
delamination. The energy ra23guired for failure is indicat=4,
and is one-half the mass times the valocity sguar=4. After
each impact the plates war2 examin23i for damag2 using the
liguid crystal iaspection technigu=. 1In all of these tests
the smaller siz2 impactor was usai.

Each failure, with o>ne =2xception, showed the sanme
failure mode as the static case showa in Pig. 15 and 16.
The one exception occurrsd at 20 f=22t per s=2cond, aad
approached ballistic in nature. Figure 20 shows this
failure with its almdosc complste p=2netration, 2313 splaying
of the delaminated layers on th2 back (non-impact) side.

Early in =2ach test, damag2 was observed in the plates.
This damage was localizesi in the imm2diate ar=2a »>f impact.
When it startad it was oiarely discacnible using the liguid
crystal technique, but as the tests progress2l it becams
easier to see. Aftsar nany impacts, the damag2d area was
d21aminated, and this coild be Jetermined by car=2ful tactile
examinations. It did not app=2ar to nave any =2ffect on the
the wultimate failure =2aergy. This "bruissi" arsa was
subjected to a microscooic exaaination. It was saction 1a2
in Pig. 18 and is shown eanlarged in subsaquent fijures.
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VII. JISZ0USSION JF RESULTS

There were three striking phenomena encouant2red during
the course of the tests. The first was that the strain
energy for railur2 in th2 static tests and the impact energy
for failure in ths dynamic tests wer2 =23ual 2and constant.
The second was th2 initiial dynaaic Jamag=s that occurred well
before the wultimate failure. The third was the large
deflections encounterei.

As the tests anid 1inalysss progressed, the large
deflections had an important influeance on the corr=lation of
experimental and theorstical results. Th2 plates were .J40
inches thick 2anil static failure occurred at plate centar
deflections of approxinately .35 incaes. Thais means
deflections were eight to nine times 1largar than the
thickness of th= plates.

An analysis was atteampt2l to <correlate the actual
results with th=soretical solutions. Five exact and finite
element solutions wer2 dsotained for th2 static -ase and an
intensive structural dyniasic response anialysis was attemptai
for the dynamic cases. Thes2 invastigations wars thwarted
by inadequacies in tha basic assumption of small
deflections.

The plates all 2xp2ri2nced 2 comaon failure mode for
both the static and dynamic tests. Microscopy was utilizad
to examine this wultimate failurs sarface and aechanisa.
Further areas addrass21 with microscopy in:c-luded: a
pre-failure dynamic damag=s zone, or "bruise," that Jevelop2d
on each panel; a "yi2li" point that occurred jucing static




loading at approximately 232 half the ultimate load; and the
fiber failure mechanisnm.

A. STRAIN RATE DEPENDENZE

As indicateid in Fij. 14, in on2 1largye-pen=atcator tast
the specimen se2med t> b2 significantly stiffsr than the
other plates, all of which showed quit2 similar
load-deflection <curves, r=23ardlsss of p2anetrator size. The
only parameter which diff2r=d in this "stiffer” ta2st was the
rate of loading, which was higher than that i1sed in thne
other tests. No furthar jualitativa2 analysis was performed,
but the rate of 1loadiay was k2pt 2as 1low as possibl=.
Further tests thea yieli=21 consistant, rsp2atable results.

B. FAILURE MODES

All failures, both static and dynamic, show2d the same
failure modes [(Fig. 15, and 16]. Thare wsr2 only two
exceptions. The first was Jduring testing of the fixed plate
with the smaller penetrator. This failure was illustrata3
in Fig. 17, and was a forn of sasar. Although th2 plate was
stiffer than the simply sapport=d plates, it ra2sponded in a
similar manner until th2 "yield" point was reacaed. Aftar
that point, the psnetrat>r wvirtually sheared tarough the
plate. The second =2xczption was on2 test at 20 feet per
second. The failure moda approached ballistic 1in nature.
Figure 20 illustrates thes almost coaplate penatration, ani
the splayei lamina arouni the exit hole.

The <choice of 20 €f=22t per sacond as a linit for the
dynamic tests was justifi=3. Since one 5f tha Eour tests
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conducted experienced this failurs moje, this speed range
was in the transition froa» flexural failur2 1node to 2
ballistic failure mode.

The size of the plats was sufficisnt to keap the plate
in the flexural failucr2, 1insteal of shear failufg, nade.
during static tests. All tests in ths simply supported moi=
were flexural ian naturs.

1. Microscopic Exaniaation 2f Ultimate Pailuce Ar=a

e o EeECEESCcsememe e eememEammee S Em e =

Section 143 [Fij. 18] was cat and mount21 for light
microscope ekamination. Figure 21 shows the ragion outside
of the gross delamination area typical of failure. This
section appears ralativaly intact with vary mainor
delamination. There ac2 several small lamina fracturss in
the outer two laysrs runaninjy #ith th=2 fiber dira=tions in
the matrix, and thas2 ainor cracks ars assdociited with 2a
slight delamination.

Figures 22, 23, 1ni 24 show ths lamina ia the gross

d2lamination regisn. Th252 show extesnsive delaamination, ;pJ’

numerous largs «cracks in tn2 matrix, betwe2n fihé&s,
penetratiny entire 1lamiaas. BEach dalaminatioa betwazn
laminas appears to> hava at l=2ast one crack penetrating the
lamina directly above or b=low. Figure 2% illustrates this,
with Jdelaminations anil associated fractures of taz adjacent
laminas.

Totally flexural failure damage shoull have been
concentrated in the outacmost laysrs where ta= largast
stresses occurr2d. Piguc2s 22, 23, aad 24 all deaonstrate a
significant failure of the middls two laysrs in their
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Figure 22 - LISHI MICRJISCOPE, FAILJRE SURFACE EXAMINATION,
SECTION 1A3, 1J)0X
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Figure 23 - LISHT MICRISCOPE, FAILURE SURFACE ZXAMINATION,
SECTION 143, 5)X
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Figu

re 24
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LISHT MICRISZOPE, PAILURE SURFAZE
SECTION 143, 230X
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transverse dicection. he assuaption that the middle
surface of the plate 1i4d not 2xperience axtension,
therefore, is invalid. TIais would iniicate that theoretical
analysis based on small d2flection thsory is inappropriate.

In Figura23s 21, 22, and 24 ths damage is @md>st intense
on only one side >f th=z plate. The outar two layacrs on the
side opposite the appli=d 1load appear almost intact. A
gquantitative examination >f all fail=23 plates show#ed an evan
distribution of damag=s3l outer layers. Some plates showad
gross lamina fracture in 20th outer layers. Jtaer panels
had damage on only th2 loaded sii=2 and vice-versa. Thus,
the two intact layers ar2 not considzced significant.

A section was cut for tha scanniny elesctron
microscope (SEM) =valuatioa as indicated in Fig. 13. Since
this was an area of jross dslamination, the top (or loaded
side) two layers separated duringy sa2ctioning. Th2se layers
were prepared for evaluation.

Pigure 25 shows a typical fracturs, or crack, in the
epoxy matrix running tarough th2 outsr layer. PFigure 25
iamonstrates a similar fracture, furthsr illustrating the
complete panetration of tas lamina. Ths sntirs oater layer,
1 zero degree laysr, was 2«ktensively cracked. Pigures 27,
28, 29, and 30 show typical fractur=2s in the first 45 degree
layer.

Pigures 27, 29, and 30 hava remnants of the third
inner layer (45 legrees) which ars evident as 2poxy and soas
fiber .fragments runniny at cight aagles to th2 original
layer. This was typical of all ¢the gross J2lamination
surfaces.
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Figure 25 - SEd4, TYPLCAL FRACIURE IN OUTER LAYER, 520X
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Figure 26 -

SEN,

TYPICAL FRACTURE IN OUIER LA{ER,
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Figure 27 - SEM, TYPICAL FRACTURE IN SECOND LAYER, 1200X
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Figure 28 -

SEM,

TYPICAL

fRACTUORE IN
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Figure 29 -

e

SEHY,

TYPICAL FRACTURE IN SECOND LAYER,
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Figure 30 - SEM, TYPIZAL FRACTURE IN 3EZCOND LAYER, 220X
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Of particular intarest 1is the <continuity of the
fibers in the layers. All inter-laninar failur2s occurred
at the epoxy-fiber Jjoiats with n> discerniole fibar
breakage. A gquantitativs analysis, presentsd in Fig. 31,
indicates that slightly over ten percant of th2 ianer lamina
epoxy-fiber Jjoints hava2 broken. Thess failures are lonj,
parallel to> thae fibers, z>atinuous, and appear t> penetrate
completely. This would indicate an inability t> carry any
load in th2 transvarss 1liraction while still npaintaining
strength in the fiber direction. This would be consistant
with the low transvars2, but very high loagitudinal,
strength and failure characteristics. The transfar of this
transverse loal to th2 next laanina would cause large
inter-laminar shsar focces, and this could accoant for tha
gross delaminations. Ta2 observation that all dslaminations
appear to have an assaciated wmatrix fracturs, or crack,
further supports this thaory.
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During static 1>ading of the plates, thers was a
pronounced "yield" point it approximately half thz2 wultimate
load. At this point th2 panel would experienc2 1 decreaszai
load with no increase in 1isplaceam2nt, accompani2i by 1loud
cracking noises. Pigacres 14 gives plots of th2s2 points. A
plate was loadei just past this M"yi=2li" poiant, and than
sectioned (5B) as sho>#a ia PFig. 13. Using the light
microscope, Fig. 32 shows an area whar2 all eight lamina are
delaﬁinatei. Ia Fij. 33 thare ars just a few i=laminations,
but both pictures show 2xt2nsive damage to th2 undersiie
(side opposite th=2 load) z=2rd> Jegre= lay=r.

Figures 34, 35, 113 36 all show the sam2 damage to
the bottom layer along with assorta2d othar delaminations and
cracks. Figures 34 ani 35 have matrix fracturas associatad
with delaminatioas. Ia the microphotographs, the damaged
outer layer was probably iccentuat2l by the reaction of the
plastic mounting wmaterial with th=2 =2poxy, as previously
described.

Although there 42r2 other varied types >f damage,
the major fractare mechanisam was the failure of th2 2z=2rd
degree lamina oa th2 side opposite the 1loai. It 1is
conjectured that the "yield" point encount2r2l 1is the
failure of th2 outer laysr in the transverse iicaction and
the shifting of this 1531 t> ta2 inn2c laminas. Due to the
geomatry of the lay-up ani .the streangth charact=aristics, tha2
next two 45-degree laminas could amor2 2fficiently carry the
load transverse to the zsro-degree layer.

The useful, or sais working, load of tha plate woulid
be limited by this "yielil" point.
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Figure 32 - LIGHT MICR)DSCOPE, "YISLD" POINT EXAGINATION,
SECTION 5B, 75X




Figure 33 - LIGHT MICRJSCOPZ, "YILELD" POIWI EKAMINATION,
SESTION 5B, 75X
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Figure 34 -

LIGHT MICRISCIPE,
SEZI'ION 5B,
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WYIELD" POINI EXAMINATION,

LIGHT MIC2ISCOPE,

Figure 35 -
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Figure 36 -

LIGHT MIZRISCOPE,
SECTION 5B,
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3. Microscopic Exanination 2f Inpitial Dynamic Damage

Early in the impact loadiag history, 2 "oruise" was
noted in the imnediat2 imdact area. TIhis abnormality could
first be detectad usiay the 1ligyuid <crystal inspection
method. As each test pro>jressa2d, the "bruisa" could be
detacted by car=2fully sijating across the face of the panel
where it appeara2d as a slight bulgs. 'his danaged area
never grew larger than th=s immediate area of impact.

To examine this pasnomenon furcthsr, a saction (1A2)
was cut from a panel as shown in Fig. 18. Figuce 37 is in
an area just outside the 'bruise" and shows 1littls damage.
Figure 38 is in tane edge of the pre-failure damags area, 2aad
has all plies, with ths excaption of the aiddle two,
starting to delaminats. Ffigure 339 is w21l into the impact
area and delamination is 2«ktansiva.

The “bruiss" 32lanination and the typical failure
differ. In the "bruise" area, @or2 lamina ar2 involvai
extensively without as 1any associatsd matrix failures in
adjacent lamina. There ar2 also nd failures of the innar
two laminas in th= transvsrcse dirasction.

This damage mechaiism is th2oriz=d to be 13 form of
spalling caused by the intensive compressive stress wave
traveling through the thickness of th2 material o>n impact;
Ref. 10 applies.
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LJIGHT 2023232222, LOCALIZED DYNAMIC DAMAGE,
rLos a2, 100X
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Figure 39 - LIGHI MICROSCOPE, LOCALIZED DYNAMIC DAMAGE,
SECTION 1a2, 100X
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“. Microscopic Examination of Fiber Eailucss

Very few fiber failures warz founi, and ta2 cause of
those failures was hari t> jetermin=.

Figure 40 shows a1 singls broken fiber in the 45
degree layer of the 35canning Elactron Microscope sampla.
FPigure 41 shows a bundls 2f broken fibers in thsz z=sro degree
outer layer of th:z same specimen.

The broken fibers in thasse pictures show 45 degree
fracture surfaces. This would be indicative of shear
fracture under high straia rates according to Coangelo and
deiser ([R=2f. 11]. Th2y could also just be ths 2nds of the
fibers as manufactured.

Because »>f th2 cacity of broken fibers aad the fact
that fibers are not normally coantinuous in a Llamina, no
significance was assigned to thess fiber fractures.

It appears the lack of strength of th2 laminas in
the transverse directid’>a was the significant factor in
failure of thesa 2lates. A4dding 90 degree 1laminas mijht
have provided a 1lar3g2 1iacrease 1ia inpact resistance and
static strength.
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Figurs 40 - 3EM, A BROKEN FIBER, 520)X
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Figure 41 -

SEM,

A B3UNDLE OF BROKEN FIBERS,
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C. ENERGY REQUIRED FOR FAILURE

Figure 42 is a plot of the energy reguired for ultimate
failure for both dynamic and staticz cases. Jaly simply
supported platass, using th2 small psnetrator, ware plotted.
A least-squares fit of first and second order war2 plott=a3,
and, within experimantal accuracy, the ea=rgy for failure in
both static and dynamic casas was coastant.

Since a <coanstant inpact 2nergy m2chanisa was manifest
and this energy eguall2d the static strain =snergy to
failure, the <correct 1ynamic mod2l s=2ems t> be a on2
degree-of-freedom lump=s3 parameter spcingy mass system [R2f.
9]. The gen2ril, coatiauous, stractural dynazic response
model was not indicats3i. Hdowevar, an extensive series of
dynamic response studi=ss was performesl usingy the dynaaic
response section of SA? L[V [Ref. 5]. The parameters »>Of
impact duration, impact shape, nuamber of natural modes
utilized, and constitutiva propertiss wsrcsz all varied. In
all results th2 =2xperim=2ntal values showad ths actual plate
as b2ing significantly stiffer than the wmoi2l, and no
correlation betwz2en ths 2%perimsntal rssults 3ad the finite
element dynamic structural respoas2 analysis could b2
obtained.
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D. STATIC SOLUTIONS

With a constaat impact =nergy failures, a statiz solution
to the plate problea #d2uld also provide th2 dynaaic
solution. Piguré 43 is a plot of several differasnt
sdlutions and the averaje =xperimental rasults.

The exact solution >f Timoshenk> and Woinowsky-Kriejar
.Ref. 7] for an orthotropic plate wa2rz computad aad plotted.

The design manual's [Ref. 2] exact solution was also plott=ai
using both sets of 3iaveldp23 constitutiva propertiszs.

The <finite el2ment 13d21 was as2il for the fixed edge
solution, and the simply sapported solution usiay the small
penetrator. It was 1alsd> wus=2d f£>oc the simply supported
sd>lution using th2 large jenetrator. Th= largs p2an2trator
was simulated usinj the axperimentally obtainead
displacements. A drawinj w#as made of the displacamwents with
the penetrator ovarlaii. Thz 1531 was assun=2d to be a
pressure distribation in the saae shape and proportion to
the contact area of th2 p2a2trator on the displac23 plate.

As can be sea2n from fij. 43, the theoretical results
agreed wvell among theamselves. The 2¢xact and finite elsm2ant
solution for a concentrat2i 10ad wer2 within a percentage
point; however, the th2oretical aand 2xperiamantal results
were in sijnificant disagca22ment.

From the aicroscopiz analysis, th2 static theoretical
analysis, and the dynanic theoratical analysis it was
datermined that small d=2flaction th2ocy #as unusadble. These
plates, due to their small thicknass ani ralative
flexability, wers more appropriataly considsr2d4 in lacae
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daflection theory.

Chi-Teh Wang _Ref. 12] has solved tn2 static problem for
a large deflection, simply supported, uniforaly 1loaded
plate. Although not directly applicaole t> ths problenm
considered here, his r=ssults show th2 saane gen2ral form for
a uniformly loaded plate as these expsrimental ra2sults for a

concentrated load plats.
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VILI. CONCLUSIJONS

A. The dynamic and static failure addss for simply supportai
graphite-epoxy plates unlsr either c2atral concentrated 1load
or low-energy impact are the same.

B. Between zero and twsaty feet per second large deflection
failures of graphite-epoxy, simply sapported platas occurrei
at a constant eanargy.

C. There was a "yield poiat" whare damags occurrel in static
loading.

E. There was localized stcess wave damage in ths immediats,
dynamic contact area.

F. Linear, small-3deflection thedry is not applicaszle to tain
graphite-epoxy plates 1l2iai2i to failuce.
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IX. RECOMMENDATIONS

An exact, larje defl2-tion solution should be devaloped
to> analyze thin plate responses to concentratei 1l>ads. Once
this solution is in hand, 1 gool approxination caa be made
for 1low energy, dynamic damage thresholds using energy
methods. This informatisa can then bas used for both design
and operational maintenance.
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APPENDIX B

FAILURE EVALUATION COYPJTER PROGRAM
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