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EXECUTIVE SUMMARY

To enhance the survivaility of commercial aircraft in the event of an uncontaned turbineengine
failure, the Federal Aviation Administration (FAA) is sponsoringa research progm aimed at
protectingcomponents of the aircraft that are critical to continued figtet andlanding As a
member of the FAA contractor team, SRIlInternational identified technolgg transfer
opportunities for aircraft engne fragnent barriers bysurveyng the recent advances in
Department of Defense (DOD) armor structur€his surveyincluded thenechanicaproperties,
bdlistic peformance, and themaerial weight and st of medlic alloys, ceramics, polymers,
and composites.

SRI concludedthat highly ordered, higly crystalline, high molecular weigt polymers, because
of their low densityand hidn strengh, hold geat promise for enge fragnent barrieron aircraft.
Fibers of cedin aranmids, polethylenes, and pgbenaxazole (PBO) appear capabl of
providing a usdul measure of bdlistic protection in themost weght-efficient manne.

The surveyfurther showed that advanced ceramics should be considered as components
aircraft armor. In paticular, encapsulaed tiles of Al,O3;, SIC, BC, TiB,, AIN, and certain
ceramic aloys and cermets were shownto beeffective in ddeating projectiles & areal densities
significantly lower than their metallic counterparts.

For metals, althouythe strenth and tougness of aluminum allgy titanium alloy, andsteels
have been enhanced in recemtans, gins in ballistic resistancéave beenonly margnal.
Nevertheless, these newer alil@riants mayind application within the enge nacelle.

Basedon thefindings from the DOD armor review, a fragent barrier scheme was conceived for
preventing low-energy fragments from paerating the fusdage wall and then severing control
lines or damaigg a second enge. The scheme consists of fabrics and felts ohtsttengh
polymer fibers. The added weaght and st ae minimized by replacing existing materials in the
fuselag wall with dual function ballistic materialsA secondschemeusesaninclined laminate

of polymer, ceramic, and metal allog provide local protection to fuel and control lines.

A fragment impact test fecility was designed, construded, and usel to bein to evaluae the
bdlistic resistance of fusdage wall materials and several advanced maerials. Againsta25-gam
simulatedfragment at 80 meters per secondlags fiber-aluminum laminates absorbed nearly
twice the energabsorbed bgonventional aluminum fuselagkin of equivalentweight. Strong
polymer fibers, ested as &yups and weaves, however, absoripatch higher energes andin
terms of aeal density were 4 1/2 to 15times more efficient than aluminum fusdage skin,
suggestingthat these materials will perform well as components of aircrafnagbarriers.

A computational tool was developed for interpretimgpact eyerimentsanddesigiing barriers.

A tied-node-with-failurealgorithm introduced into the material failure model used in the
DYNA3D code enabled SRb estimate the residual velociby a penetratingragmentandthus
evalake the energ-absorbing capady of poenta barrier systens. Computed resuts on
aluminum arcraft skin agreed wdl with experiments; morecomplex failure modds and hidh-
strain-rate material properties are needed to applyool to polyer fibers.



This work confirmed hidp-strengh polymer fibers as the advanced material most appropriate for
protectingaircraft from uncontained erige fragnents and identified three pohers as having
the prerequite low dendly and hgh stengh. Polybenoxazole, becausef its exceptonal
bdlistic propeties, flane resistance, and waer asorption reistance, gopears paticularly suited

as a barer meterial. The nex step sto desgn practical barriers fromthese fbers. Muchdesgn
flexibility exsts, because the three fibepég can be produced in matiametersjenghs, and
surface fnishes;the fibers can be corured n many types of weaves, fid and byups; and
theseconfigurationscanbe assembled in margeometries, fiber migs, and can include other
maerials.

Two efforts are recommendedto captalize on hese fndings: (1) a serrempirical effort to
evaluae the bdlistic effectiveness of aisting polymer fabric strudures and barier designs and
(2) an dfort to develop acomputdiond capability for designing and evaluaing barier schemes
based on material failure mechanisms and propertiébe former effort could resulin
acceptble barrer systens in the neardrm; the ktter effort aims for the longer term desgn of
barier systans moreoptimd in terms of weght, cost, ad ese of instdlation and removd for
aircraft inspectionsThese efforts can be performed simultaneously



INTRODUCTION

Over the years,severalcivil aircraft accidents havingatastrophic consequences have resulted
from damag to critical aircraft components Wlying engne fragnents produced bgn in-flight
engnefailure. To reduce the probabilityf catastrophic consequences in possible future failures,
Congess passed the Omnibus Reconciliation Act of 1990 (Puldlic 101-508). This law
resulted in the Aircraft Catastrophicalare PreventionResearch(ACFPR) Progam and
mandated the deleral Aviation Administration to develop and applyvancedechnologes and
methods for assessingreventing or mitigating catastrophicfailures that can result in civil
aircraft accdens. The ACFPR plarf” considers the three main components affedfiegafety

of an aircraft: turbine engnes, airframes, and flng controls. A systems approach &ppliedin

the analysis of each component to address the interadhfigence of all three components on
aircraft safetyand the cascadirgffect of singe-point failures on other critical stems.

In support of this mandate, SRiternationalconducteda researchprogam, under Federal
Aviation Administration supervision, addressipigptection aginst threatsesulting fromfailures

in turbine engines (Turbine Engine Failure Prevention Task Ill). The SRI objective was to
review the rich body of armortechnolog held bythe Department of Defense and to identify
concepts, materials, and armor dasithat could lead to practical barriers toiaedgragnents on
commercial aircraft.This report describes the findsignd sugests barrier desigs for aircraft
fragment protection.

DEPARTMENT OF DEFEN& ARMOR TECHNOIOGY

Department of Defense (DOD) efforts to develop improved arriworbattle tanks have been
ongping for many years. Efforts were partularly intensive in the pastdecade, and sulastial
improvementswvere obtainedthrough innovative protective stratexy, advanced materials, and
new arnor configuraions. The Defense AdvancedResearch Project Agency
(DARPA)/Army/Marine Corps Armor/Anti-Armor Progam®, initiated in &nuary 1986 and
completed in September 1993, resulted imificant technologcal advanceshat potentiallycan
be eyloited to mitigate effects of aircraft emge fragments. Although the DOD threatsgenerally
differ from the arcraft engine fragment threat in mass ad vdocity, the projectile defeat
strateges, the advanced armor materials, and the barrierrdetegelopedoy DOD contractors
are eyected to be useful in developimgproved turbine enge fragnent barriers.This section
briefly reviewstraditionalmilitary armor technolog and summaris the finding of the recent
advanced amor initiative with respect to advanced maerials and projectile defeat straegies. In
the following sections, weusethese military insights to speulate on potatia fragment bariers
for civil transport aircratft.

ARMOR MATERIALS AND THEIR PROPERTIES

The conventionalmedium carbonsteel armor traditionallyised on battle tanks toda&y often
supplementear supplantedoy nonferrousmaterials such as aluminum and titanium, ceramics,
polymers, and cmpositemaerials. The god is to ahieve the bdlistic protection afforded by
steel but at a reduced weght. Hence, hese nmadern armr materials are of mterestin the desgn

of arcraft fragment bariers. This se&tion reviews amor maderials, stating with traditiond
armors and itacking the advanceotpresentay.



A U.S. Army handbook of ligtweicht armorwritten by Mascianic& is a useful reference for
armor materials up to 1980The handbook compiles ballistic information the efficiency of
various homogeneous and compositearmor mderials impated by projectiles of vaious mas
and vdocity. Maste bdlistic paformance curves are presented to show the effect of armor
thickness or aeal density, obliquity, projectile velocity, and eawvironmentd parameters.

Projectilediametergang from 0.022to 4.8 inches and velocities rangpward from 4000 feet
persecondhencethe data are for lower mass andHhagvelocityprojectiles than aircraft ente
fragment (see (araceristics of Aircraft Engne Fragnents). Nevertheless, he curvesrovide
insight andan extrapolation basis that mde useful in designg engne fragnent barriers.The
handboolalsoincludesballistic datafor heavier and slower fragents from genades, mines, and
shells filled with hidp explosives which are closer to @ng fragnent conditions.

The DARPA/Army/Marine Gorps Armor/Anti-Armor (A/AA) Prograni® was established upon
recommendation byhe Defense ScienceoBrd based om studythey conductedin 1985 that
found a sigificant and alarmindag in U.S. armor and penetrategchnoloy with regard to
Soviet technolog The intent of the A/AA progam was to create in thénited Statesanarmor
industry similar to the ebsting electronics and aviation industrie®rivate companiesnational
laboraories, research institutes, and universities were encourgged to form tams and gply thar
technical strengths to develop and produe advanced amor systans. The military could then
draw on the broadindustrial technolog base, as it has done in aircraft and electronics, for
innovationsin armorto upgade the protection on combat vehicld3ARPA was tasked as the
progam manag, Los Alamos National &boratory was tasked as product evaluatand
ALCOA, DuPont, FMC Corp. and Honewell' were setcied as prine contacors. Eachprime
contractor selected four to five @gzations for their team.

The objective of the four competitive contractor teams was to innovate, esagpd construct
more effcient and effeatve arnor systens for light and nedium arnored vehicles and heavy
main battle tanks that could protectaatst current and future threats bunder specified
constaints of weght, space, and casEmphass was phced on advancedatarials of al classes
(metals, ceramics, patyers, and composites) and innovative structuiidse evolvingsystemsof
each comtacor team were perpdicaly evabaed by an ndependentagency the Advanced
Technoloy Assessment Center (ATAC) abd& Alamos National &boratory (LANL). Each
team was required to ddiver its amor systen to LANL for bdlistic testing against speific
kinetc and chenrcal enery warheads.

The progam, which endured for more than &ays from dnuary 1986 until October 1993yas
funded byDARPA at a total cost of more than $60 milli@mdin-kind anddollar matching cost
sharingby the participants roudy doubled this amountMany new armor conceptndproducts
resulted and several armor systans me the very demanding requirements for bdlistic protection
at acceptableveight and cost. Several products have been adoptedrjtary services; some
were implemented in Desat Storm.

It behooves the commercial aircraft indudtvyexploit this new knowledge to improve current
barrier technolog in commercial aircraft and reduce still further the risk of a catastrophic
accdent from in-flight engne falure. The sources ofnformation for the more recentarnor

"These coparies ae row known as Urited Defense ard Alliant TechSystens, Inc., respectively.



materialsareDOD technical reports, marof which are classifiedMost of the reports from the
A/AA program are classified as SECRET-Natior&écurity Information under the DARPA
Classification Guidé” SCG-117. These reports are maintained in a libraty the Armor
MechanicsBranch of the ArmyResearch &éboratoryat Aberdeen Provinground, Marjand.
The point of contact is Dr. Thomas A. Ha{!.

Many of the neterials thatwere conglered forusein arnor andtheir mechancal propertes are
unclassfied [accordng to the newer Gassficaion Guide-Armor Materials® of 30 dily 1993]
and @n be presented in this reort. However, the bdlistic paformance of maerials and
structures are, inageral, classified and, hence, mbstdiscussedn qualitativeterms. Where
possible rdative rankings of mderials ae given in tams ofthar bdlistic peformance against
specific unnamed projectiles tovg the reader somaiiglance indesiguing aircraftbarriers. The
reader can refer to the origina classified doawments for moreddail. In this rgport we disass
each class of material andvg, as available, densities, costs, and relevansigdly and
mechancal properies of spedic materials within each @ss.

METALS.

Steek. Since the inception of the American military, steels hare been the maerial of
choice for vehicle amor. Besides ther effectiveness in déeating impacting projectiles, steels are
inexpensive relative to othe mderials and ae excellent strudurdly; bang weldable, duradle,
formable,corrosionresistant, compatible with other structural components, and field repairable.
For bdlistic protection purpose, stedl can be modified by composition& alterations and
theemomechanica treatmentsto tailor strength, toughness, ad hadness; dlowing the aamor to
be adapted to a wide rangf threats while simultaneousperforminga structural function.
Becauseof its wide use,steelis the sandard aginst which al other arnors are evalaied. The
main drawback of steel is its higlensity which results in heavgrmor structures.

Much éfort has ben directed & meallurgica modifications to improvethe bdlistic
performanceof steelagainst various hreas and nuch success has been agbd. Metalurgcal
research has shown that processmg@roduce super-clean steel results in enhanced tirandg
ductility and, consequentlyimprovedballistic properties. Steel plates with verpard surfaces
are effective at ddflecting, deforming, or fracturing projectiles. Dud had plaes consistingof a
hard front plate and a tohigoackingplate, either strorlg or weaklybonded to eacbther, are
effective in ddeating a projectile in two staes (breaking the projectile, then absorbing theenergy
of the fragments). Multilayer laminaes resist propgation of aacks and shar bands, theeby
resistingplugging. High carbon tool steels were considered for armor because of thkir hig
hadness aad mwnmmitant tendency to shdter impacting projectiles. Teams in theA/AA program
performed bdlistic tests on tool st& plates and on plaes encapsuldaed in duminum. The intent
was that tool steel should function as a “tougeramic.” However, tool steelfiad a lower
ballistic limit thanCoorsAD-90 alumina in a similar encapsulated &trgonfigiration and under
similar projectile conditions.

Improvements on conventional dual hardness steel armor were obtained ansing
ultrahigh carbonsteelasthefront layer and roll bondingt to a conventional rolled homegeous
steel. The ultrahidp carbon steel (UHCS) contain&&o to 2% carbon(a compositionbetween
tool steels and cast iron not currerdalailable commerciallybut easilyproduced) in théorm of



carbides kept small and distributed in the microstruchyecontinuoushot working during
shaping In this condition, the UHCS could be roll bonded to the sditeking steelandthe
strengh of the interfacecould betailoredfrom very weak o verystong A final heattreatment
resultedin afront layer hardness of R68, several points harder than previous dual hard armor.
This armor outpeformed othe dud hard amors, ad UHCS multilger laminaes outpeformed
UHCS dual hard armorsUltrahigh carbon steels, developby Sherbyat StanfordUniversity”

and then further bgR1® were evalakd for the Honewell arnor packag®

For bdlistic protection in arcraft applications, stels and most othe meallic aloys are
unattractive because of their higdensities. However, in enme structureswhere high-
temperatirestrengh isrequred, steek and dber aloys are used as caihmentstuctures wthin
naceles.

Several attempts byhe DOD communityo design steel armostructuredo improvethe
performance-b-weight ratio have met with sone success. For exanple, he ALCOA teant'®
showedthat perforated armor (steel plate containegpattern of throug holes) was more
effective than monolithic plate. In another desig variation, P900 440 stainless steel plates
contining a cbsely spaced arragf ceranic rods were showrotsuffera smaller areaof danmage
when attacked by a projectile, theaeby having better multihit capacity.*? Sud limitation of
damag@ area is desirable in containment considerations, where it is important to previeiet eng
debris from eiing the nacelle throudga hole produced kg large disk section.

Steels also found use as encapsulation materials for ceramic pteglainedlaterin
this section, allowingeramic armor to perform more effectivddy inhibiting the dispersion of
ceramic fragments from thepah of thepenetrator.

Aluminum Alloys. Military interestin aluminumas an aamor mderial daes bak at least
to World War 1l when plates of 2024-T4 and 7075-T6 were testesinay armor-piercing
ammunitionand fragments from &plosivefilled shdls. Research to improvebdlistic propeties
begn after the war and consisted of composition modifications, improved cleanlaresbs,
thermomechanicdteatments.The results were the strain-hardened allb§83 and 5456, which
had superior crackingresistance and, in the H321 temper, were less susceptible to stress
corrosion. Later, the precipitation-hardened AhRAVig 7039 alloywas developed, which has
higher strenth and provides rgater ballistic protection than the 5083 alloyhe 7039alloy,
however, is less ductile and is likely produceback-surfacespall when attackedby fragments
from an eyploding shell.

With a densityroughly one-thirdthat of steel, aluminum allsyare of major interest as
aircraft armor. Certain dloys provide beter bdlistic protection than the standad arcraft
fuselag alloy (2024 in the T3 and T35dondition)andwing alloy (7075-T651and7178-T651),
but the gins are small. Traditional armor aluminums such as 7039-T64 and 5083-H131 have
ballistic limits only slightly above current aircraft structural aloyHigher strenth and hidper
toughness alloy such as 2524-T3 for theoBing737 fuselag and2325-T739,2224-T3511,7/150,
and 7055 for the lower and upper wengre replacinghe standardalloys on all Boeingmodels
but provide onlymargnally better impact resistanceThe ALCOA A/AA team found that
bdlistic peformance improved with inaeased strength but not sigificantly. Texture changes in
2519 aluminum armor plate produced no enhancement in ballistic perforﬁf’énce



Aluminum alloyplate stock and wrolng 206 aluminunwereusedasconfinemeniplates
for hardtiles of ceramic and tool steelConfined ceramic armor blocks were also produced by
squeee casting In anearlier armor development pmagn, Reyolds Aluminum investigted the
feasibility of several aloys and pro@ssing techniques for encasing ceramic blocks™ The
castablealuminumalloy 535Q outperformed5083 and 7039 sheet alkbwas well as castable
alloys A356, A206, and 772.

Magnesum Alloys. Magnesium-lithium aloys are significantly less dase than
auminum aloys and thus hold gped as potatial armor maderials for arcraft. Ballistic
evaluationof the Mg-13%Li-6%Al showed god performance ainst small arms and fraggnts.
However, because of its Mgductility, low hardness, and stress corrosion susceptibtliig
alloy was deemedunsuitable for structural functions and has not been pursued for armor
applications.

Titanium Alloys. Early titanium alloy were found to be e@essivelybrittle in ballistic
tests,but because of their low densitglative to steel, the Armiet contracts in the mid-1950s
amed a developing titanium dloys with enhanced peformance. This work resulted in Ti-6Al-
4V, which is themostwidely useal strudurd titanium dloy as wel as thetitanium amor dloy of
choice. Othe titanium dloys have been evaluaed bdlisticaly over the years but show no
improvement over Ti-6Al-4V.A variation known as 62S and theh-strengh betaalloy 15-3-
3-3 provide a god balance between ballistic performance and structural gtreng

Fannind*? recentlyinvestigated the ballistic performance BfMETAL 62S,a low-cost
variationof Ti-6Al-4V, against.30and .50 caliber ball and fraggnt-simulatingprojectiles. The
alloy paformed bdter than Ti-6Al-4V for plate thicknesses greater than the projectile diameter
but poorerthan Ti-6Al-4V for thinner plates.Such results are consistent with findsnig steel
and aluminum allaywhich also showed that variations in composition and procepsotyice
only smdl changes in bdlistic paformance and thd bdlistic peformance strondy dependson
projectile characteristics*? Alloys with ultimate tensile stremigs less than 120 ksi, however,
are not susceptible to brittle crackiragd back surface spallBrittlenessis suppressedn
titanium alloys by keepinginterstitial impurities of oxgen, carbon, nitragn, and hydrogen in
low conaentrations.

Stating with cross-roll@ Ti-6Al-4V stok, FMC®® expeimented with forgng
conditions and identified a condition tha produed the maerial with the highest bdlistic
resistmce. The resulting heavy plaes had mass dficiendes 50% hidver than rolled
homogneous steel armor and consequemtére used foithe hatch on the Bradley fighting
vehicle.

Of the A/AA teams, onlfFMC used titaniunalloys in its groundvehiclearmordesigs,
and then only spaingly. Neverthdess, titanium dloys offer high strength-to-weght rdios & an
attractivetoughnesdevel andthusshouldnot be discounted as aircraft armdndeed, titanium
alloys may be the best suitel mderials in high-paformance military aircraft, where both
protective and strudurd performance are required, tare weight is limited, and st @nsideations
are secondaryCosts per pound of three titanium abplgasedon a 3,000-lominimumorder,are
given belowt*?



Thickness TIMETAL® TIMETAL® TIMETAL®
(inch) 6-4 62S 15-3
0.030 $48 $46 $34
1 $16 $14 N/A

CERAMICS It was known since the 1970s that ceramics makmd) armor and in many
instancesoutperformconventionakolled homogneous steel armoidigh compressive stretiy
allows ceramics to «ert large stresses on impating projectiles, strasses tha act to deform,
deflect, and fracture the projectile. In thecases of thick, encased ceramic tiles and blodks usel in
heavy armor for man bdtle tanks, projetiles wae deeated by the erosive action of ceramic
paticles as the pendrator advanced into the blodk. Encasement dso provide inaeased multihit
protection. Typical densities of ceramiare 3 to 4 g/cnr’, significantly less tha most méeals
(except for aluminum) and second as a class tm|yolymers, qualifying ceramicsas potential
maerials for bdlistic protection on aircraft. A disadvantage of ceramics is theér high cost
relative to meals.

The useof ceramics & armor mderials was driven by the nead in military aircraft to protect the
pilot and critical aircraft components from attack bgmall-caliber ball and steel-cored
ammunition. Weight constraints precluded standard steel armor and metallic/fabric sandwich
plates. Instead, composite hard-faced armors consistihgeramic backed byesin-bonded
fiberglassor Kevlar were developed tha providel therequired bdlistic protection within the10
Ib/ft? prescribed maximum areal density. Today, many of themilitary hdicopta's axd othe low-
speedaircraft are equipped with ceramic component armd@enerally speaking ceramic
component armors are superior to other armors for shell protection at areal dbesiEsns
and 12 Ib/ft; at lower densities, howeer, paformance degrades and othe armors mg be better.
Thin ceramic tiles ae incorporded into protetive vests to shikel against rifle and high-powe
handgun projetiles.

The understandingf how ceramics defeat projectilasd the conditionsthat enhanceceramic
armor performance were sumarized by the ALCOA Tean{'? as follows.

“Ceramic materials as components in armateayshavebeeninvesticgatedby a
number of goups. Viechnicki et al*® publishel relative bdlistic merit ratings
based on Y limits on oneinch-thick TiB,, SIC, B,C, and A}Os tiles ajainst a
variety of threas. These workers repad that the bestTiB,, SIiC, and BC
performed equdly well, while the best duminahad ardative meit rating of 80%

of these other materialsThey found no clear relationships between ballistic
performance and other ceramic properties; althotgy suggested that ifone
propety had to beusal a a predictor of bdlistic paformance, it would be
hardness.These workers also concluded that multiphase and composite ceramics
such as 25% SiC/75% ADs; 10% SiC/90% TiB, and 10% TiC/90% TiB
perform poorer than purer monolithic ceramics containing minenabuntsof
second phasedn an exension of the MTLwork on ceramic composites, Kliman
and Slavift® reported that the ballistic performance of a sintered alpha SiC doped
with from 5-30 vol% TiB degaded wih increasng TiB, content.



Landingham and Casé&Y’ reported thebdlistic performances of awide variety of
maerials, and if ther daais reduced to Vg, divided bythickness of ceramic, they
show that a cermet containingiC and Ni-Mo has the higest value of any
material usel.

Ballistic paformance is a complex synergistic fundion notonly of the material
propertiesout alsothe geometriesand amounts of materials in both the threat and
target. Wilkins et d.*”) showel tha ceramic tiles balistically peform well
agpinst a simulated 7.62 mm projectile onhen theyare backed by stiff
backup plate. Wilkins™® showel tha ove a wide range, the badlistic limit
velocities for a ceramic-faced aluminum &trgncreasanonlinearlywith ceramic
thickness. Mayseless etal.*®, usinga 12.7 mm hard-steel projectile, verified this
nonlinearityfor ceramictargets containingno backup material.Yasiv et al®,
usinga 14.5mm BS41 round, claimed that at low projectile velocities, ceramic
target efficiencies decrease rajly because he speed ofhe wavestraveing
through the ceramic is independent of impact veloaityl fractureoccursat very
early times duringthe traverse of the projectile. These workers also showel
evidencethat ceranic/aluminumtargets performed bestwhen shott zero degees
obliquity. They dso sugested thda the width-to-thikness rdio of the target
materialsbe 10:1 so that the fracture conoid has time to form before transverse
waves are reficed fromthe edgs of he frget

Both Wilkins and Mayeless et al. observed that, for ien ceramicthickness,
the ballistic limit increases linearlwith increasingbackup plate thicknessAt
somepoint, an arupt ingease in bdlistic limit in the curve occurs, and it then
continuesin a linear fashion.Wilkins etal. stated that this “kink” occurs when
the thickness of the backup plate reaches the diameter of the projeicever,
Mayselesset al. showedthatthe kink they observed occurred #te same backing
thickness as Wilkins despite the difference in caliber and furthe staed tha the
kink was not observed for ceramic widths under some unspecified Véhsiv et
al. claimedthatat a ratio of ceramic thickness to backplate thickness of 1.33 the
weight of targets will be at an optimum for ceramic-faced aluminum dtsg
These workers further reported that chen@g theadhesivesusedto bond the
ceramics to the backup plate did not affect the mass efficiencies of taes tamgt
when silicon gease was usel insted of the adhesives, the mass efficiendes
decreasedMayseless et al. also found that theditionof a nonceramidaceplate
in front of theceramic decreased thebdlistic limit of the target.

Mayseless @ d. dso datempted to del with saling factors which might be
applied to amor design against threts of differing masses traveling at different
velocities at differing thicknesses of eramic. Thar results mg be expresseal in
the followingequations:

[1]  valvi = (my/my)(hahy) = Kk, for no or venthin backup plates,
[2]  valvi = KY2 for a backup plate thickness near the kink, and
[8]  valvi = KYV for thicker backup plates.



In these equaions, v's aad m’'s ae veocities axd mase of projetiles,
respectively h's are thicknesses of ceramic, autbscriptsl and2 correspondo
cases 1 and 2.

To summaize, previous work sugests tha increasing the ratio of the eastic
impedance origld stengh of the &rget to the peneatator and ncreasng thetime

tha these target propeties are retained will result in abeter paforming armor.
Fracture toudhness of thetarget, which is generaly low for ceramics, combinel

with high elastic impedance should be increased if the armor is to be improved.
In a multicomponent taey, the ceramic came mademoreeffectiveby supporting

it with a stiff backing tha can mitigate or resist tensile wave fracture and
confining it so tha when fracture occurs thee remans suffiagent maerial in the
penetrator path to stop its movement.”

Ceramic materials, because oheir high hardness and abrasness retive o metals, attracied

the atention of everyA/AA team Five bast ceranmcs were dentfied ascanddates for armor—
Al,03, SIC, BC, TiB,, andAIN. Each ceramic has massybgades, distingished byariations

in composition and processimgnditions. A number ofceramic“alloys’ were madeby mixing
andconsolidatingpowdersof two or more ceramics and were evaluated for their armor potential.
However, the bdlistic peformances of subgades and dloys of a ceramic did not in ay case
exceed hatof the base ceramby more han 25%.

The ALCOA team evaluated 30 ceramic materialBhe ballistic performance of eadfi the
ceramc materials was evaluaied against three hreas and each aterial was charaetrized by
vendor, process,density porosity (%), averag gain siz, four-point-bend strenly, elastic
modulus,sonicvelocity, elasticimpedancefracture tougness, and microhardneskleiple and
KornisH® described their results as follows:

“One result of the work was th#iscoveryof a multiphaseTiB,/SIC amposite

identfied as T&-3, which gave a trget mass efftiency 22 percentigher than

the target mass efficiency for hot pressed B, aginst the 14.5-mm 841

projectile. Ranking of mass dficiendes for the highest peforming ten ceramic

materials versus the 14.5-mn%48L projectile were TSA-3 >hot pressedliB; >

sintered TB, > hot pressed SiC > hot pressed JJABN laminake > shteredalpha
SiC > hot pressed AD; > hot pressed A<BAl,O3/B,C multiphae compositg >

hot pressed AIN > sintered Hamy ST (TiB,/SIC multiph&e composite.

Microstuctural andmechancal daia sugyested hat ceranic microconpostes can
ballistically outperform monolithic ceramics if th@onding betweerthe matrix

and minorityphases is strongnd if the minorityphaseforms large agglomerates
during processing Hot pressingprodues supeior bdlistic ceramics, but if the
ceramic powder used is pure and fimaiged, pressed and sintered parts/have
mass efficiencies within 18 percent of hot pressed parts.”

Table 1 lists theceramics mderials tested by the ALCOA team, the processe by which they
were producedthe producersand properties that were believed to be relevant and could easily
be measured.
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The Dupnt teant?” performedballistic tests to rank 15 candidate armor ceramics accotding
their ability to defeat certain projectiles and found the rarkittgvary dependingon screening
geomdries and projectile characteristics. The team meiculously characterized the mechanical
and microstrucurd propeties of the maerials and dtempted to orrdate theresults with béistic
performance. However, no correlation could be establishetlvVorking as a DuPont sub-
contractor, GTEstaff*") carefuly and pansiakingly examined and desdsed he microstucture
of each of he naterials and perforrad fracographtc investgations of faled stengh speanens.
Fracturetoughnessstrendgh, andmicrohardness, measured $gveral tpes of tests, areven in
table 2 alongvith other characteraion parameters.

The rebtively high cost of ceramic plates ofen precudes heir use n cerin armor
applications?® However, sora studies show hat ceranic plates nmade fromlow-coststarting
maerials peform a wel as high-cost ceramics®® In particular, an ingxensive alumina
provided bdlistic protection equivdent to asinteaed aphasilicon carbide

POLYMERS Development of polymeric armor was driven initially by the desirein World Wa
Il to reduce the welg and increase the wearabiliy metallic bodyarmor. The first nonmetal
product was a vest made of Doron, a unidirectiofedsgyfabridoondedwith 20 to 25 wt% of a
thermoseéting polyeste resin, developed in ajoint Army-Navy effort. Later, vests male of a 12-
layer nylon fabric were usel by foot soldies in theKorean conflict to protet against smé, low-
velocity shdl fragments. Nylon fabric was dso usé a hdmet liners, protetive blankets, ad
frontal spall suppressors for ceramic compaosite armor.

The advent of hig-strengh aramids in the latel960s permitted protective apparel with
substantiallybetter ballistic protection and wearability and bodyarmor made of Kevlar (a
regsteredtradename of DuBnt) became the normloday, aramid fibers are also produced by
AKZO Industrial fbers (Twarofi) and Teijin limited of Bpan (Technord. In the 1980sstill
stronger fibers made of pogghylene were sythesized and opendtie door for still higher-
performance bodgrmor. The polethylene, marketed under th@denamesof Spectra(Allied
Signal), Dyneena® (by DSM of theNetherlands), aad Tekmilon® (by Mitsui Peéro Chenica of
Japan)is one-thirdlessdensethan Kevlar and has alreatigken over a substantial share of the
body armor market. Also in the mid-1980s, a still stroeg and higher modulus fiber,
polybendxazole (PBO), was invented at SRhternational®¥ The PEO fiber will be produced
commerciallybegnning in October 1998 byhe Japanesechemicalcompany Toyobo, and will

be marketed asyfon.

Gengadlly spesking (and bering in mind tha the bdlistic resistance of a maerial depends on
threatcharacgristics such as shape ags, andrelocity) fabrics andlayupsof polymeric fibersare
competitive with metals and superior to ceramics at areal densities up to about 2 t0%2.5 Ib/ft
High-strengh, hich-modulus aramid and ultratig molecular weight polyethylene fibers
configured n the form of mats, weaves, dyups, castsheet or as reiforcenent for organic,
ceramic, or metallic matricesfound application in advanced armors as spall shields and as
encasementrapping for ceramictiles. Their low densities, 1.5 and log?®, respectively, meke

these maerials paticularly atractive for arcraft barriers, whee significant pendties are pad for
weight. A disadvantagis their typically high cost: Kevlar fibers sell for $12 to $24 per pound;
Spectra fiber products cost $11 to $35 per poukalthese fibers find other applications such as
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ropesand cablesand reinforcement fibers for tires and composites, production capeadlity
increase, and the costs of fibes will fall. The mechanica and physical propeties of seera
strongfibers are gren in table 3.

The National Materials AdvisorBoard is conducting studysponsoredy the U.S. Navy, U.S.
Air Force,DefenseAdvancedResearch Rojecs Agency and NAA to charaatrize the satus of
carbon and ommic fiber science and technolpgs well as industry capability® Yang?®
discusses and compares the properties of sfrbags in his recent book.

Aramid fibers, which consistof long chan syntheic polyamide molecules, rdan thar excellent
mechanicalpropertiesup to 300°C. The low melting point of ultrahigpn molecular weigt
polyethylene (147°C) prevents its use in elevated temperapmicationsand limits its
incorpordion into matrix maerials to produe reinforced composites. Ballistic propeties of the
fiber are claimed not to deteriorate below 120°C.

The PBZ polymersfirst synthesizd at SRIInternationaf® are thermallystable to 600°C and are
the hidhest strenth polymers et developed. These heteroa@jic rigid chain materialsinclude
variations known as PB PBO, and ABPBO and require veryong and complex synthesis
conditions. At present, thewre available onlyn small quantity Production and salegyhtsare
now owned by Toyobo, a dpanese companythat is working to develop larg-scale
polymerization and spinningprocesses to achieveconomical production of the fibers.
Comm(%r)cial availabilityis expected in 1998.The fibers are eected to sell for about $45 per
pound:

COMPOSTE MATERIALS. Better amors @n be achieved by combining two or more
materials. Sud compositemaerials téke many forms—adloys and mixtures, paticulate and fiber
reinforced matrices, and spaced plates and multilamin&egeralof thesecompositematerials
are discussed in the followingaragaphs.

Camets. Camds ae mixtures of eramic and meal that are attempts to obtan a
combination of the desirable properties of both componehtshopesof producingmaterials
with better ballistic properties than either ceramics or metals or prodsamtar ballistic
propeties & lower areal densities, the A/AA teams evaluated available cermes and in some
cases gythesizd new cermets.

The Lanxide Corporation which produces several aluminum-based cermets on a
production scale for armor applications and applicatioqsuaipsandvalves,producedseveral
experimental cernets for the Honewell and Dunt teans. The Lanxide FCS arnor concept
was sdected for usein DuPont’s lignt/medium amor. The DuPont tem dso dtemptal to
manipulate the mcrostucture of aTiB,/Ni cermet to enhance bdlistic paformance. Propeties
for the TIC/MoC/Ni and he TB,/TiC/Ni cermets ae given in teble 2.

" Lanxide Armor Produets, Inc., 1300 Marrow Road, P.OBox 6077, Newark, DE 197146077.
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TABLE 3. PROPERTES OF SELECED HIGH-PERFORMANCE HBERS

Strength Modulus Specific Specific Fiber Maximum Use
Fiber Density [apd Elongdion [apd Strength Modulus Diameter Tenperature
Type (g/ce) (GPaJ] (%) (GPaj] @adfin)’ (10 in.)° (um) (°C)
Kevlar 29 1.43 23 3.6 550 8.8 2.1 12 250
(2.9) (70)
Kevlar 49 145 23 2.8 950 8.8 3.6 12 250
(2.9) (135)
Kevlar 119 1.44 24 4.4 430 9.2 1.6 12 250
(3.1) (55)
Kevlar 129 1.45 26.5 33 780 10.1 3.0 12 250
(3.4) (99)
Kevlar 149 1.47 18 1.5 1100 6.9 4.2 12 250
(2.3) (143)
Nomex 1.38 5 22 140 1.9 0.5 250
(0.6) (17)
Technora 1.39 27 4.3 570 10.3 22 12 250
(3.3) (70)
Ekonel 1.4 31 2.6 1100 11.8 4.2 150
(3.8) (136)
Vectran 1.47 25 700 9.6 2.7 150
(3.2) (91)
PBI 1.43 3.1 30 45 1.2 0.2 250
(0.4) (5.7)
PBT 157 25 13 2690 9.6 10.3 350
(3.5) (373)
PBO 1.57 24.6 2930 9.4 11.2 350
(3.4) (406)
AB PBO 1.44 24.6 2430 9.4 9.2 350
(3.1) (309)
Spectra 900 0.97 30 3.5 1400 11.5 5.3 38 100
(2.6) (120)
Spectra 1000 0.97 35 2.7 2000 13.4 7.6 28 100
(3.0) (171)
Thornel 18 10.8 1940 4.1 7.4 4-8 500
P55 Med M (1.7) (308)
Thornel 1.96 10.8 0.38 3300 4.1 12.6 4-8 600
P100 HM (1.86) (517)
Celion 1.8 25 1.8 1440 9.6 5.5 500
3000 +5 (4.0) (230)
Boron 25 11.6 1.0 1800 4.4 6.9 33-140 2000
(2.55) (400)
SC 2.8 16 0.6 1700 6.1 6.5 10-12 1300
(4.0) (420)
Alumina 3.25 6.3 1.2 730 2.4 2.8 17 1200
(1.8) (210)
Nextel 25 7.8 2 690 3.0 2.6 13 1200
(1.72) (152)
E glass 2.55 11.6 3 320 4.4 12 5-25 350
(2.6) (72)
Sglass 2.48 21.9 5.3 390 8.4 15 5-15 300
(4.8) (85)
Steel 7.8 11 4.8 220 4.2 0.8 500
(7.6) (150)
Dacram 1.38 9.2 15 115 3.5 0.4 25 150
(1.1) (14)
Nylon 66 1.14 9 19 50 34 0.2 25 150
(0.9) (8)
8GPa = god xdensity/11.33. Source H. H. Yang, reference26

gpd = GPa x11.33/dasty.
PSpecific strength (in.) = tenacity (gpd) x 3.82 x10°.
“Specific modulus (in.) = modulus (gpd) x 3.82 x1C°.
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A ceramic-particle-reinforced mea matrix composite PRMEX™, is duminum hidnly
loaded with SiC particles and male by a pressuréess medl infiltration proess. PRIMEX™ has
been found effective agnst longrod projectiles. The ceramiamatrix composite, DIMOX™,
consists primaily of SiC paticles in an dumina marix and is mae by a directed meal
oxidation processDIMOX™ has been used for cockpit protection in the Farce’sC-130,C-
141, and C-17 transport aircraft as well as for breast plates in dwadgr and protection
upgades in ligitweicht vehicles such as trucks and personnel caffférdts effecivenessin
contining aircraft engne fragnens has beerinvestgated® The composition and processing
of both families of maerials can be varied to obtan different bdlistic peformance; both @n be
madein awide rang of szes and shapefiat need no etensive finishing. Typical engneerng
propertiesof these two materials areivgn in table 4. Lanxide has an or@ng materials
development effort.

TABLE 4. CERAMIC MATRIX COMPOSTE PROPERTES

Typical Engneering Ny Ny
Propaties DIMOX-AS DIMOX-HT
Conmpressie strengh 1115 MPa 2600 MPa
Modulus of rupture 147 MPa 280 MPa
Elastic nodulus 351 GPa 340 GPa
Shear mdulus 146 GPa 140 GPa
Poisson’s ratio 0.20 0.22
Fracture toupness 5.8 MPam™? 4.6 MPam™?
Thernd conductivty 147 W/mK 140 W/mK
Coefficient of therral
expansion (23:000C) 5.1 x 10°/K 5.5 x 10°/K
Bulk density 3.29 dent’ 3.33 gent’
Hardness (RA) 80 88

Source: Lanxide Armor Products, Inc., 1300Marrows Road, P.O. Box 6077,
Newark, DE 197146077.

Glass laminaes To enhancethe ballistic protection provided byindows in World
War Il military tanks, personnel carriers, and aircraft, two or more paneldast gvere
laminated with athin layer of touch plastic. In theensuingyears many new transpaent maerials
were investigted with regrd to their value as a transparehbgllistically efficient window.
Included are hard dasses, Rgx® glasses, W#oceranf, chenicaly tempered ¢psses, cast
acnyflics, biaxally stretched actics, polycarbonates, simgrcrystal aluminum oile,
polycrystalline magesium oxde, and spinels.Best performing windowsurrently configure
transpaent materials so tha a had mderial is on theoutsideto danage the projectile and a
tougher, shock-resistant material is on the inside to absorb kinetic yererd) suppress
fragmentation.
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Commerciallyavailable polgarbonate laminates, such as General ElectriEXGARD
series, provide protection agnst impactingiragments. The toudp polycarbonate resists spall
and generaes no spinters or shards frornthe rear surface of ampaced phte.

United Defenseg(formerly FMC) devebped atansparenarnor that conbines he opical
principle of refecing surfaces wh the arnor proecion of high hard stel®® An array of
inclined steel louvers separated ggss provides an optical path faewing but no unimpeded
pah for aprojectile. At an aea density of 20 Ib/ft?, the armor defeats .30 caliber AP-M2 at
muzzleveocity and provide multihit protetion & 3-inch centers.

Strong Fibers Classical composites made of strofigers embedded in patyeric,
metallic, or ceramic matrices have been considered for ballistic prote@itdmugh they may
be lightweicht, they are eyensive and ballistic performandg usually poor. In the A/AA
progam, fiber-reinforced plastics found use as spall shields, as substrates for hardensdffacing
steal or ceramic, and & wragppings for mntanment of ceramic armor tiles. Sud composites
most often consistel of S-2 dass fibes in fla compositelaminaes of themosé polyeste,
epoxy, and phenolic resins.

Price was a consideratiorthat precluded the use of mangnpolyneric fiber materials
such as carbon, boron, silicon carbide, and alumirfeese fiberdavethe high tensilestrengh
and stiffness of the polymer fibers (see table 3) but in addition have hig hardness and
compressive strength (which makes them usdul in composits) and excellent themd stability
(they can perform at much hHigr temperatures than polgrs). Typical densitiesof 1.8 to 4
glem® are, however, sitificantly higher than those of patyers.

Carbon fibers produced from palgryonitrile (PAN) by thermal decompositionand
high-temperatureprocessing have outstandingtensile modulus, tensile and compressive
strenghs,andarestableto 500°C. This combination of properties makes carbon fibers attractive
as reinforcement for advanced compositEtber densitiesof 1.7 to 1.9 g/lem® result in atypical
weight savings of 30% to 40% over glass fibes, aa important benefit in weight-sensitive
structures.The largp initial investment costs for production facilities and the invojwedessing
procedures set the price for carbon fiber at hiw§30 to $40 per pourfd”

Like carbon,boronfibers are producedby an exyensive thermal procedure and have a
high speific strength and stiffness. Thar man application is in @mposits axd the primary
marketfor boroncompositeds the aerospace industryBoron fibers at present sell for $350 to
$400 per 143V

In sunmary, severalhigh-performance fbers have been recéntdevebped and have
proved effective in soft- and hard-armor applicationddMW polyethylene fibers have high
strength and stiffness ad the lowest density but deéeriorate and mdt at rdatively low
temperatures. Carbon fibers have the best thermal stabiliyt their relativelyhigh density
resultsin only moderatespecific strenth and stiffness.The inherent brittleness of carbon results
in low-impact energ absorption and has laly precluded its use iarmor. Glassfibers, while
also brittle, offer much better ballistic resistance, althatgubstantialveight penalty Aramid
fibers have a combination of thermal amdechanical propertiesthat provides a useful

" Lexgard Laminates GE Radics Strwctural Products, One Hagics Averue, Rittsfield, MA 01201.
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conmpromise. PBO fibers have even ket thermal and nechancal properies butare notyet
available in commecial quantities. Increasingly, advanced composits in@rporde two or more
fiber ypes b exploit the nost attracive propetites of each ter ype and ¢ reduce reterial and
processingosts.

FIBER-REINFORCED MATERIALS. Fiber-meta laminaes show somepromisefor bdlistic
protection. An aluminum-dass, fiber-aluminum sandwich sheet manufactured under the trade
name Glare 5—absorbsnearly twice as much eneggthan a sheet of 2024-T3 aluminum of
equivdent aead density but is sgeral times moreexpensive Otha woven or laid up fiber
composites tend to fail bhrittle crackingunder impact loads and thus abstttle kinetic
enery.

United Defens€” is developingcomposite armored vehicles for the Armyd simultaneously
developing composite component retrofitting Fibers of carbon, Slgss, andE2-dass are
incorporated in various patyeric matrices. Processingconditions are soung that improve
bdlistic peformance. VARDOM, avacuum proessing tehnique is currently usel to fabricate
panels up to 1 inch thick.

A 0°, 90° crossplylayup of unidirectional fibers of pofghylene or aramid in a resin matrix
provides beter bdlistic protection than awoven fiber composite Sud sandwich composits are
avalable from Specta Rerformance Materials' under the trade names Spectra Shield Gotti
Shidd.

Metal matrix composits sut as titanium dloys reinforced with unidirectiond SiC fibers wee
not expected to show ost-dfective enhanced bdlistic protection and hence were notevaluaed in
the recen®d/AA program

However, composite materials in the sense of adjacent ghtssimilar materials(suchasa
ceramic plate backed bya steel or polyer plate) were found quite effective in enhancing
ballistic resistanceand were used widelpy each of the A/AA teams.We consider these
composites as structural desigonfigurations and discuss them in teectionon fragment
barrier desig.

SUMMARY, CONCLUSIONS AND PROSPECTS The increasinky more stringent require-
ment to providebdlistic protection & minimum weght and st ha driven thesearch for lowe
weight and less epensive maerials with beter bdlistic propeties. This requirement has
resulted in experimentaion with materials of dl classes and with @wmbindions of thesevera
maerial dasses. Simultaneously, incementd improvements in armor aloys, an extensive
characerization of cerant materials, and &rge advancei high-strengh polymer and morganic
fibers have been achieveddvanced materials of all classes are findisg in armor stemsof
today Each material class has certain attractive properties for defgabyjegtiles: nonehas
total capability Increasinty, several material classes are combined to proguogective
structures.

Registered Tadenark of Structural Laminates Compary, P.Q Box 388+, New Kensington, PA 1506841327.
" Spectra Perbrmance Matrials, P.Q Box 31, Petrsburg, VA 23804.
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With the exceptons of poymers andnorganic fibers, t appearshat significantenhancerant in
bdlistic performance of the materials available today will not be forthcoming Metallic dloys
andceramicmaterialswill be improved incrementallgy alterations in composition, processing
procedures, and cleanlinesgheir cost maye reducedby moreefficient productiontechniques
and byincreased demand.

However, the trend in higperformance fiber development witnessed in the paseatswill
most likely continue. Polymeric, metallic, ceramic, lgss, and carbon fibers havireyer
improving mechanical and thermal properties will contiriaebe innovated,driven by market
demands for compostes, for advanced gictures such as amn, and forelectronic and medical
applications. Near-term likelihoods for hlgstrengh, high-modulus orgnic fibers are new
aromaic polyimides and hderocyclic polymers, especialy when formulaed in rigid or semirigid
chan stuctures.

However, the DOD communityealizes that advances in materialstbgmselves armadequate
for meetingthe continual need for improved armoithis need must be addressed digver
barrier desgns tat incorpora¢ severalclasses of mterial in a delberae order ¢ exploit the
attractive ballistic propertiesof each. Thus, the burden for producingnproved protective
structures falls on the armor desgy who, while keepingbreasof developmentsn materials,
mustdevise projectile defeat straegies and configure the gopropride maerials in theappropride
thicknessesorder, spacing, and anigs to defeat the projectile at the most economical hweig
and wmst. Thefollowing sections distiss projetile ddfeat straegies and amor strudures tha use
advanced maerials to implenent thosestraegies.

STRATEGIES FOR DEFEATNG MILITARY PROJECTILES.

The DOD contractor teams considered that the debilitafifegts of impactingrojectiles can be
mitigated in several ways. These include dédlecting the projectile, dsorbing theprojectile’s
enery by slowingor stoppingt, deformingor fracturingthe projectile, or eroding as shownn
figure 1.

For example, the glacis (front end) of abatle tank is slanted with respect to the anticipated
direction of projectile attackso that the threat will encounter an inclined surface and ricochet
insieadof penetating, figure 1a. When te hreatatacks atan an¢e of oblquity lower than
requred for ricochet a thick plate of seel (typicaly rolled honogeneous arior, RHA) can
absorbenergy throudh plastic deformationasit is penetrated, therelslowing or stoppingthe
projectile, figure 1b.

In othe cases the projectile may be ddormed or fractured by an amor tha is hader than the
projectile. An example is hard steel such as quenched and tempered 484Q8eformed
projectile loses its penetration powe by presenting a larger impact area (hence, exerting a lower
stress) on thetarget; a fractured projectile loses pendrability by virtue of lower mass and
distributedload on targpt, figure 1c. Ceramic armors consistingf a block of ceramic tigly
encased in steel (or duminum or astrongfiber wrap) defeat projectiles by eroding theleading
edge until acritical portion or # of therod is transformel to ganules, figure 1d.
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(a) Deflection (b) Kinetic Energy Absorption
Fragment is slowed and stopped

Fragment ricochets from
by plastically deforming armor

an inclined armor surface

Cg) - =

(c) Deformation and Fracture (d) Erosion

Confined ceramic erodes the leading

Hard armor surface produces €
large stresses in fragment, blunting the edge of penetrating fragment and
leading edge and/or breaking it into eventually reduces it to particles
two or more pieces
CM-7412-17

FIGURE 1. PROECTILE DEFEAT MECHANISMS

Dependingon the size, shapedensityand velocityof the fragnent, and the characteristics of the
target, a certain defeat mechanism mg be more atractive than the othes or acombindion will

be moreeffecive. Contracbrsin the A/AA program made effecitve use of spaces their arnor
designs. Spacegive projectilefragmentsthe opportunityto rotate and disperse so that the load
on target is not focused on a small area but instead is distributed oveendaeg.
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Minimum spacegaswhenadjacentplates are snply butted up a@inst each dter) ako have a
degrading effect on a projectile. The failure proess ocurring in an initial armor plae must be
reinitiated in a backing plate, and this is oft@ energy consuming For example, plugging failure
of rolled homogneousarmor by a projectile often occurs bya shexr instaility, which requires
consideable plastic flow to initiate and hence is difficult to propajate from oneplate to anothe.
Consi%s:rable thoug has beenigen to the optimal interface bond strémgn dual hard-steel
armor.

Similarly, andescan be used to advantaghen desiging for ballistic protection.The abilityto
causeprojectilericochetis an obvious benefit and should bepleited in desig when feasible.
Ricochet however, ypically requres a érge ande and hencents defeatmechansm is often not
space effiient The ante can posbly be reduced soewhat by surface mdificaions hat
reduce friction, such as ntigbe achieved bgnechanicallyor chemicallytreatingthe surface.

Even n the absence ofaochet inclinedsurfaceshold worthwhile threatdegadaton advanages.
When a projectile must paetrate an indined plae, the effective thickness of theplate is geater
thanthe plate thicknessby a facbr of the cosne of he an¢e. Thus nore neterial is putin the
projectile path for the same barrier whigor alternativelythe same amount of material can be
presented at less wéig

An anded plate has a further advargam that itimposesnonsynmetric lateral forceson a
rodlike projectile and thus tads to délect it from its orignal trgectory. Even afew degrees of
yaw significantly decrease the penetrability of aprojectile.

The inclined dual hardness armor is a dedigat attemptsto invoke three mechanismsof
projectile defeat. Dud hardness amors onsist of ehadened oute stesl backed bya softea steel.
The oute layer produes large stresses in theprojectile, tending to ddorm and frecture it; the
backing layer flows plastically, asorbs kingc energy, and tends to slow ad stop theprojectile;
the inclined surface encourydeflection. Furthermore, when the armor surfasenclined to
the threat direction, the threat encounterseat@r effective thickness of armor.

A strategy usel sucessfully by the Honewell team® in the A/AA program was to degrade the
threatgradualy as t penetated he arnor packag. None of he arnor elemenss in the packag
was capable by itsdf of defeating the projectile but by acting conseutively on aprogessivdy
degaded hreat the arrayof elements acconplished he defeat

The sucess of thegradud-defeat straegy illustraed thd, while no one maerial in any
reasonable quantityhad the properties to defeat these véoymidable DOD threats, a
combindion of different types of maderials (in this @se mdallic, ceramic, and polymeric
materials) that invoke different projectile defeat mechanisms caasbembledn ways to
achieve projectile defeafThis example also illustrates the effectiveness of spaocekandesin
barrier desig.

Similar strateges should be considered in desng barriers to defeat aircraft eing fragnents.
The strateges should be implemented bglectingmaterials havinglesirablepropertiegsuchas
hardness, stretig toudiness, plastic deformation capabiligfastic elongtion,anddensity and
configuring them to meet the ballistic requirements of the aircraft, withimgkight, space and
cost constraints.
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Several innovative armor elements were conceived or devethped)the A/AA progamand
in other DOD armor pragms. Steel plates containingylindrical throudn holes and angd to
the attack direction were found effective in defeatomgrod projectiles byreakingthem into
smaller pieces and dispersitizem over an ganded area.When the holeswere filled with
glass, his arnor denonstated enhanced perfoance aginstshaped chagjets.

Urethanespolysulfides, polyvinyl chlorides,and acrlics were successful in providimgyotection
agpinst damag@ (crackingor chipping to ceramic tiles adjacent to tiles beiagached. The
elastomea's with thehighest tear resistance and alhesion pe&formed best inthar ability to contan
fragments. Isodamp, a thermoplastic peinyl chloride produced byYEAR, a subsidiaryof
CABOT Corporation, performed particulanyell as a tile isolator and fragent retainer.

Felt battingmade of unidirectional, higtenacity continuoudiber yarn, madeinto batsandthen
needle-punched for added strémgs effective in absorbingnery from animpactingprojectile.
Themechanismnvolvesthefrictional losses as adjacent fibers slide over one anoffats can

be engineered to ahieve highest bdlistic peformance a lowest density and cost by blending

fibers of aramids, pofghylenes, PB), and the like and, iflesired,by needlepunchingto
enhancehe physicalinterlockingof crosslapped lays. Further strentheningis often attainable

by thermobondingi.e., appling pressure and heat so that one fiber melts and creates a unique
bond throupout the tetile. A drawback of felts is their tendendp absorb moisture and
becone heavy

Severad armor dements wee developed tha did not reult in significant improvements in
bdlistic peformance or in equd peformance a less weght or @st. These included ceramic
bdls encapsuldaed in a polymer marix, polymeric bdls dispesed in a ceramic matrix, and a
range of gasses both in monolithi@nd multilaninate geomdries.

THE ENGNE FRAGMENT THREAT

CHARACTERISTICS OFAIRCRAFT ENGINE FRAGMENTS.

Under a separatatieraggncy Agreement from the FAA, the NaWir Warfare Genter (NAWC)
is ollecting and andyzing daa from previous engine failures to ddine the fragment threat.G?
When the NAWC findings on turbine engne fragnent characgristics becone avalable, tis
informaion can be usal to moreprecisdy speify requirements for barier designs. Until then,
the fragnent energ and trajectorydefinitions gven by the Federal Aviation Regulation, (FAR)
AC 20-128 and Joint Airworthiness Reglation, (AR) Part 25.901 ragation can be used.
These reglations define three categes of fragnents: (1) bladed 1/3 disk, (2) 3-bladémn
sector, and (3) small fragents.

Initially, we are consideing two dasse of engines: large engines for @mmecia transport ad
smdl commute engnes and Auxliary Powe Units (APUs). We assumetha an engine failure
releasesa populationof small fragmentsthat has a more or less continuous distribution of
energies sud as indicated in figure 2. The fusdage strudure will stopvery smal, low-velocity
fragments having energes kss han E. We envision desiging barriers that truncate this
distribution athigher fragnent energes such as £and k. Sud bariers will neutrdize larger

and feste fragments but will wegh and st more The relationship between fragment
mitigation benefit and economics should be defined to assist decisiadimgdparrier desig.
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FIGURE 2. HYPOTHESZED FRAGMENT ENERGY DSTRIBUTION SHOWING HOW
BARRIERSOF INCREASNG ENERGY AB3ORPTION CAPABILITY
TRUNCATE AN INCREASNG NUMBER OF FRAGMENTS

The fragments emanding from a failed turbine engine range downwad in mass from many

kilogramsfor one-third turbine disks to a fewagns for bits of cowlingand fan blades.The

fragment mass distribution will varywith engne type and accident scenari®he mostavailable
clues b fragnentcharacgristics are he hoks producedni the arcraft structure by the fragment

andthe fragmentsthemselves.Unfortunately no a priori method ests for deducingrom hole
size charactristics the ske, shape, velcity, or energ of the fragnens. However, accdent
investgators have pansi@akingy recovered fragents produced m accdens and soulgt to

corrdate fragment characteristics with thedamage produ@d. From sut corrdations and from a

knowledge of engne components and their velocities, useful estimates ofméaig
characeristics can ofen be nade.

Tilzey(33> reviewed the historical records related to uncontainedherigiluresin aircraft (49
events)verthe past25 yearsandanalyed the hole sgs in the aircraft structuredde found that
over 80% of the holes had mmum dimensions of 3 inches or less, and that n€&¥ of the
holes had raximum dimensions of 5 nches or dss. In severalof the accdens, it was the
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relatively small fragment that caused he criical aircraft danege. These fndings lead us a
focuson small fragmentsin our efforts to develop barriers for miigng catastrophic effects of
uncontained enge debris on aircraft.

Becauseamethoddoes not currentlgxist to infer fragnent siz from the sie of the hole it made
in the fusdage, we arbitrarily chosefragment masses of 25 ad 95 gams & the masses to be
defeatedn this study The fragnent data survepeingconducted at the NAW is expected to
provide further information that can be used to evaluate this cfiBice

Similarly, the shapes of the fragnts are varied and laly unknown. In hopesof generating
daatha could becompaed directly with daa from previous studies, we reviewed the literature
and ontacted thetechnical communityto deermineif a conseasus frgment simuldor existed.

Finding that a consensus fragent simulator did not exist, we a@in arbtrarily sekeced a
recangular plate with truncaed corners (as siiussed aer). This shapeincorporags the
important features of many turbine engne fragnens that we have eamned. The tuncaed
corners ontlte mpactng surface are remiscentof thoseon the cylindrical fragment simulators
usel bythemilitary. A Boeing study" usel sud a cylindrical geometry to examine the balistic
performance of cedin arcraft stuctures. Because rany unconained fragnent arefrom engne
pats malefrom titanium dloys, we elected to mahine thefragment simuldors from Ti-6Al-4V.

Airframe andengne manufacturers estimated that finaent velocities rang from 200 to 700 ft/s
(60 to 210 m/s) after the fragments have left the nacelle spac€&he above considerations for
fragment size, shape, and vetity formed te bases forhe mpact experiments o evalae
barrier performance described in a later section of this report.

CRITICAL FRAGMENT-VULNERABLE AREAS ON AN ARCRAFT.

Discussionswith airframeandengne manufacturers sgested four sgtems that are critical for
continuedsafe operationand landing of an aircraft: the flight control lines, the fuel lines, the
engnes,andthe pressuréoundary The flight control lines, which are separated spatiallyhe
aircraft and are redundant, must not be severeehgye fragnents. Likewise, second or third
engnes need to be operational and thus must not be incapacitateatybngntsfrom a failed
engne. Finally, compromise of the pressure bound@drgles and tears in the fusetagall, for
example)at typical cruisingaltitudes could be catastrophi@/e address each of theses®ms in
turn.

Fuel lines and fligt control lines, whether llyaulic, wire, or optical, are likelyo be most

efficienty proteced bylocal barrers posioned nearhte ine andin the pah of the expeced

fragment trajecory. Such barrers woutl make use of ebsting aircraft structure such as
longerons, carg bayfloor, and bagage.

Secondandthird engnescan be protected Ryarriers placed inside the nacelle over an area that
subends he sold ande defned bypossble fragnenttrajeciories. The aread be proéced nmay
alsobe adjusted to include fragents that ricochet from the runwaliould enme failure occur
during taxiing. Barriers in thenacelle may dso enhance fragment contanment in the failed
engne. Elevaed emperatres nay be a consleraton in desgning structuresinside the engne
nacele.

23



Engnescanalso be pragcied byincorporaing barriers n the space wiin the fusedge wall, i.e.,
the4- to 5-int distance beween theoute auminum fuséage skin and theinterior trim (refer to
the Valujet incident of une 1995 in which a fragent from one ernge penetratethe nearand
far fuselag walls and struck the nacelle of the Brgmounted othefar fuselag wall®®). Such
barriers will also enhance protection of control lines.

Barriers to conservethe pressureboundarywill need to minimize areas of perforation and
preventwidespreaddaring of the fusehge skin.

Although mitigating the catastrophic potential of eng fragnents requires that critical Sgms
such as these be protected, accomplishmgigation at minimum cost and minimum added
weight requires that noncritical areas be left unprotect@dindersofi® identified the critical
areasbasedon engne and airframe epmetry Tilzey®® anajzed hoks n aicraft from
uncontainecengne failuresandthus provided eperience-based information on the areas of an
aircraft likely to be mpaced by fragnens. By combining both types of analses, we can
estimate theareas to beprotected and thelevel of protection required in vaious aeas.

FRAGMENT BARRER DESGN

We conmbined our fndings o conceptalize fragnent barriers for commercial aircraft after
having reviewed the military armor literature and evaluated amor mderials in tems of bdistic
performance, densy, and costhaving specfied he charadristics of a represerdtive aircraft
engne fragnent and havng identfied critical fragmentvulnerabké areas on aaircraft It is
clear hat weight efficient and coseffecive barrer systems must be constucted from a
combination of materials and must make judicious usgeaetricalconfiguration,spacesand
anges. Furthernore, specfic structures nust be desyned for spedic critical aircraft systens,
because structure well suited for proecing a contol line, for example, may not be wel suied
for protectingthe second emge.

Thechallenge wasto devisea stratey to slow, stop, or divert a fragent of gven characteristics
(massyvelocity, geometry) andto design a barrier structure that implements this stratagd has
minimumweight and mst. Sud a chdlenge was sucessfully mé in devising amor systans to
protectmain battle tanks from veryhigh-energy weapons. Winning strateges were those that
graduallyand progessivelyattacked the threat until thlereatwasdefeated.We adoptedsimilar
strateges here.

FUSELAGE WALL FORTIFICATION.

In recent gars, catastrophic and near catastrophic incidentscaesedy engne fragmentsthat
penetrated the fuselagvall and damag control lines (1989%9 fuel lines (1993%” andthe
second erige (1995f*® To reduce the likelihood of such incidents, we considered a barrier

system that is implemented within thefusdage wall.

Dependng on arcrafttype, up ® 4 © 5 inches ofspaceexist betweenthe outer fusebge skin and
the interior trim of thecabin. The circumferential frame and longtudind stringers aeate a grid
of thicker, more frament-resistant aluminum structural beams encompassumly 9- by 20-
inch areas, figre 3. Within this gid, only the 0.036-inch aluminum skirthe fiberglass
insulation blanket, and the 0.100-inch interior trim are in the path of an ey fragnent,
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figureda These areas offer little resistance to pendration from fregments and any critica
component behind would be impacted with ne#rly entire eneggof the fragment. We soudt
barriers to slow or stop fragents that strike areas within thedgboundaries.

Frame

Longeron

Fusalage Skin

Insulation

CP-T412-18

FIGURE 3. FUSELAGE WALL WITH INTERIOR PANEL AND INSULATION REMOVED
TO REVEAL STRUCTURE

To minimize the added weight, we choseto uselow-density maerials having high speific
ballistic protection that can simultaneougdgrform the functionsof, and perhapsreplace,
existing materials. The existing maerials in thefusdage wal are the fiberglass blanke and the
interior paneling Their replacement with ballistic materials thus requinesallistic materialto
provide adequatehermalinsulation,acoustic insulation, flame resistance, moisture resistance,
and aesthetics.From the standpoint of fire, threiesuesare critical: flammability, smoke
production,andtoxicity of the gas produced. With these objectives in mind, we daségl the
barriersystemusinghigh-strengh polymer fibers in the form of felt, weaves, and 0°, 90° resin-
bonded layps.

We envisional abarier consistingof alayer of bdlistic felt positional near the fusdage skin, a
multilayer of resin-bondediber layup attached to the inner surface of the paneliadj, and, as
needed to stop frgments of tosen higher energy, a multilayer of woven high-strength polymer
in between, figre 4b.
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Fuselage Skin

(2024-T3
. / Aluminum) Insulation )
3 (Fiberglass Interior Panel
'ool) {(Aluminum
Honeycomb)

(a) Cross section of fuselage wall.

Multilayer High-Strength Fiber

Fuselage Ballistic Fabric Layup
Skin
/ Ballistic Interior
Panel

o Felt/Insulation
i.‘i].y /—

(b) Cross section of fuselage wall with fragment protection
CAM-7412-13A

FIGURE 4. TYPICAL FUSELAGE WALL AND BALLISTICALLY REINFORCED
FUSELAGE WALL
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The bdlistic felt is hdd by attachments d the frame and longerons ¢oseto theoute fusdage
skin but stands off a smll distance so as naib trap noisture a@inst the skh and cause
corrosion. The felt has two ballistic functiondo slow the fragient and blanket the shagplges
of the fragment tip. As the felt engages thefragment and is torn from its leeral fastenes, it
deforms substantiallyabsorbsomeenerg, andslowsthe fragment. More important,it doesnot
get penetated and rles wth the fragnentto presenta larger area ané blunter leadng edce to
thenext barier layer. It may dso impat somerotéion to thefragment.

The nex part of the barrier is a multilaly of strongfibers, most likelyin a 0°-90° bondedlayup
affix ed to theinterior sideof theinterior panding. The numbe of layers will depend onthesize
andvelocity of the fragnent chosena proectaginst The naterial may be poyethylene (such
as SpectraShield)which hasthe advantag of low densitybut is not particularlflame resistant,

or aramid(such as Gold Shield) which is decidedhpre flame resistant but 50% more dense.
Both maerials have excellent strength and bdlistic propeties. An emerging maerial is PBO,
which is stronger than ether arand or polethylene, has Igh flame resstance,andhasdensty
compaable to aamid but (a4 the momaent, & least) is more expensive than ether and not
available in large quantities. A combinaion of two or 8 of these materials may provide the
optimd solution.

Another consideration in choosirgarrier materials is moisture absorptioRolyethyiene and
PBO fibers absorb up to 2% of their whtg whereasther fibers suchas nylon and aramids
absorb 5% or wre. Moreover, because dfgir open stucture, fets made from thesematerials
tendto absorband retain additionalmoisture. To inhibit moisture retention, the felt could be
encapsulated with the moisture bagterial currentlyusedfor the fibergassinsulation. Or to
obtan an additiond increment of bdlistic resistance, the encapsuldion bag could beoneor more
layers of a strongimpervious-to-water material such ab@adedfiber layup (SpectraShield or
Gold Shield, for exarmple). This configuraion may allow thefelt to replacethe currentinsuktion
and providecost- and weaght-éfective additiond ballistic protection.

If it is desired to protect agnst hider-eneryg fragments, the number of lass in the layp can
beincreased or a multilayer woven of ahigh-streagth polymer fiber could beadded baween the
felt and thepanding. The deayree of protection aforded by any of the designs will need to be

determined with fragient impact egeriments.A key parameter gverningthe amountof energy

absorbel by the felt and themultilayer layup is thestrength with whidh they are fastened to the
frame and longerons. To exploit the bdlistic propeties of thelayup fully, the fastening strength

must be geater than the fiber stretig Conversely the fasteningstrengh for the felt should
ideally be slightly less tha the penetrating strength to dlow the felt to blunt the fragment as it

impects the multilayer. The bdlistic resistance of any barier systan atached to thefusdage

skeleton is limited byhe strenth of the fuselag skeleton. If the barriedayers are attachedo

the skdeton and ae not padrated by the fragment, the barier will load the skdeton until the
fragment is stopped or until the skeleton deforms and bucKlasis preventing penetratiarf a

large, energtic fragment mayresult in indentation of a sale area of the fuselag Although

such an indentation magause trauma to passengin the vicinity, it would mostprobablynot

result in catastrophic loss of the aircraft.

The choice of material and the details of the desigouldbe establishedsystematicallyin a
research progam tha evaluaes paametrically the many combindions of likdy variations using
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experiments and computation®esigis should be solg that provide the optimal combination
of ballistic protection, added wéig and cost.

LOCAL PROTECTION OF CONTROLLINESAND FUEL LINES

Control linesandfuel linesmight be proecied froma fragnent that penetates he fusehge by a
barrier locaed closeto theline conssting of a phate of cerant wrapped m stong polymer fibers
and backed with an aluminumplate. The barier effectiveness would beenhanced by tilting the
barrier surfaced the exectd fragnenttrajeciory to encourag ricochet figure 5.

Deflected
Engine
Fragment

Fiight
Control
Line

Organomatrix-Fiber
Composite

Ceramic

Metal Alioy

5 Ingressing
—— Engine

| 7 Fragment

CM-7412-7A
FIGURE 5. FRAGMENT BARRER FOR FILGHT CONTROLLINE PROTECTION

This desig is inspired bythe DOD advanced armor pragn which showed that ceramics
providad significant bdlistic advantage and & lower totd weight than stel armor. Since
ceramics are mudh harder than engine maerials, the will tend to ddélect, ddorm, and frecture
impinging engne fragments. To be nost effecive, however,tie cerant neededd be encased,
usuallyin steel or fiber-reinforced resin, to keep the shattered ceraaterialin the pathof the
penetratorandto provide multihit protection. For application in aircraft, encasement with low-
density polymer fibers should be consideredrurthermore,a backing plate of tough material
often enhanced peformance. Pehgps astrip of stel, titanium, or auminum would gve equd
resistance at lower cost, althdugt geater weigt. Such tradeoffs need to beaawined.

FRAGMENT BARRIERS WITHIN THE NACELLE.

Another suitable barrier location for uncontained eeg fragnents on commercial aircraft is
immediatelyoutside the enge containment ringput within the nacelle.Locations close tthe
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hot setions of theengne will require barier maerials tha are more resistait to elevated
temperatire. As requred for barrers n the fusedge wall and cbse b contol and fuellines, dl
barriersmustbelightweidght, space-efficientand ineyensive. If possible, theghould also serve
one or more other functions in addition to ballistic protection such as noise suppression
(incorporation of elastomers, spacesyaftyam, and the like) structuratability, firewall, and
insuldion.

CONTAINMENT.

Although this study was aimed specifically at uncontainmenti.e., the protection of critical
aircraft components from engg debris not contained in the amg(FAR 25), the survey of
advanced militaryarmor materials, barrier concepts, and camgons producedformation
that promises to also be useful in containment, as describ&dRr88.

Contanment bariers are of two types: thosein the immediate vicinity of the hot setion tha
mustwithstandhigh temperaturesindthose somewhat removed from the hot section that have
only moderag or no temperatre resstance requenment. For the forner, cerancts, nckelbased
dloys, some cermes, ad titanium dloys ae suitdble maerials. As is the god for
unoontanment, thekey for contanment is to @nfigure somecombindion of these materials that
provide the desired ballistic protection at acceptable wespace, and cost.

Currently containment ring are made from higdensityalloys. Significant weidt saving
could be realied if equivalent containment could be achieved with ceraiéne®® concluded
that a fan bade corainment system conssgting of ceranics (Al,Os, SIC, and BC) is moe
weight-efficient than metals (steel, Ti, and Al) or fibkags and polyer fibers. A ceramic
contanment ring is likely to peform beter if it is encased in atoudhe maerial to prevent
disperson of fragnents. For veryhotareas oflie engne, encaseantof the ceramic with nickel
based alloymay be required but at enge locations where lower temperaturpsevall
containment could be accomplished at less tewgth titanium. At still cooler areasstrong
polymer fibers nay be he encaseent material of chore.

High-strengh polymers show promise for containment around low-temperature sections of
engnes. Deluca and Btrie“? performed spin-pit tests ofibergass/polyster, fiberglass/
phenolic, Kevlar/phenolic, fibelgss/polgster-steel, fiberdgss/phenolic-steel, Kevlar/phenolic-

Ti, and Ti and found that all successfutlgntainedhe high-energ fragmentsfrom a burstT53
turbine motor. Pein®Y denonstated he effeciveness of ahree-dimensionaly reinforced
containment ringnade from PB and other hig-strengh polymer fibers.

As has been postulated for the uncontainment probédfficient containmentmay be best
acconplished by the gradual defeatstrategy. Using the space beteen he bhde tps of he
turbine engne and e ouer skn of the nacdk, the kineic energes of bhdes and dcscanbe
progessivdy reduced as the fragments inteact with barier layers in ther pah. To ahieve
containment with minimum additional wéigand cost requires choosing tm®st appropriate
materials and configuring them in the way tha takes best alvantege of thar fragment-resistant
properties.

The Boeng Company evaliaied the effectof the exsting engne structure on the progessve
degadaton of fragnentenerg'.(“) Testng performed on alirustreverserstructure validaed a
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numericalmodelof impactresistanceand showed that the cowlingascades, and blocker doors
reducedthe enery of engne debris bymore than 50%. The authors concluded that the
uncontained fragents were reduced endu@ siz and weidpt to be managpblewith minimal
shidding in thefusdage wall.

Stotle™® foundthat a lagr of Kevlar felt was not effective in enhancingntainment of turbine
bladesin blade-out tests of the General Electric3#Fengne. Stotler’'s thougt was to enmesh
thereleasedladein the verylight, bulky, and toug felt thus increasinthe apparent area of the
bladeasit attemptedo penetratehroudh the eidnt plies of Kevlar cloth wrapped around the steel
containmenstructure. The experimentshowed that, althodngthe felt wrapped around the sharp
edges of theroot setion of theblade and restricted its aility to penetrate the Kevlar cloth, the
cloaked blade pulled the Kevlar cloth further in the impact directiothresultedin greater
overall dama@ Much of the blade stem was outside the containmenstsyn and a
considerableportion of the containment ringwas left unprotected from ankater impact.
However, for the uncontainment problem, multihit capabibtyot aslarge a concernbecause
unconained fragnent are ypicaly dispersedn space.

FRAGMENT BARRER EVALUATION

IMPACT EXPERMENTS.

The SRI gas gqun facility was used to perform pgriments to evaluate the impact response of
barriermaterialsand systems. The 4-inch-diameter bore, 48-foot-loggs gun was modified to
allow accekraton of fragments or fragment simulators havhg a meximum transverse anension

of 1.75inchesto velocitiesrangng to 700 ft/s. Fixturing was desiged and built to hold taegs 6

or 12 inches square at angientation from Oto 65 to the fragnent trajecory. Figure 6(a) $ a
schemdic of thefragment impact facility .

The fragment simuldor, shown in figire 6(b), is mounted on the frortf an aluminum sabot
which is accelerated down the evacuated barrel ofuhe Bhe sabot islowedandthenstopped
by a momentum trap and byngs of crushable aluminum horemb located at the end of the
barel, while the fragment simuldor continues to travel towad thetarget. Achieved velocities
arewithin 3% of prescribed.Thetargets are clamped ftigly around their peripheries, as shown
in figure 7(a), leaving free regpn of 5.25 inches square for the 6-inch ¢drgpnfigiration.

A high-speed camera with framinmgtes of about 20,000 frames per second is focused on the
regions in front of ad in bak of thetarget to record both the initial velocity and orientaion of

the fragment before impact as well as the residud velocity and orientaion of thefragment ater

target penetrationor ricochet. A squareof highly reflective tape is attached to the side of the
fragment simulaor to enhance its visibility. An independent measurement of theveocity of the
sabot before reachintpe stoppindixture is provided byontact pins positioned in the barrel at
the muzle; these pins also tggr the light sources for the higspeed photagphy

Tests wee paformed in which thefragment simuldors impa&ted thebarier systans with theend

havingthetruncated corners (as indicated inufig 6). Because the penetrabilitf a fragnent of
given mass and velocitgepends on its orientation at imp&sharp-edgd fragmentspenetrate
more easilythan blunt-edgd fragnents), impact tests were performeith bothbluntandcorner
orientations of the fragent.
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Expeiments wee first peaformed to mesure theinheent bdlistic resistance of thefusdage skin
and dass-reinforced aluminuminitial experiments were conducteslith 25-gam Ti-6Al-4V
fragment simulatorsand 6-inch-square sheets of 0.040-inch-thick 2024-T3 aluminupic@y of
fuselag skin) and 0.036-inch-thick Glarg""a commaecially available fiber-metal laminae
consistingof cross-plied kpss fibers in epgxbetween two lagrs of 2024-T3aluminum. The
enery absorbed was easured and cqmared. Impaced trgets were eamned b deermine
deails of thepenetration mechanisms.

Table 5 presents therdevant expeimentd paameters and results, including thevelocities and
orientation of the impactor before and after impact andkihetic enery lost. The 12 tests
included two thicknesses of 2024-T3 Al fusaagkin material—1.02mm (0.040 in.) and
1.58 mm (0.062 in.)—and two thicknesses of Glate28.94 mm (0.037 in.and 1.93 mm
(0.076 in.). The tests spanned a rangf impactor velocityrom 37 to 127 m/s (121 to 417 f/s)
andresultedn a ran@ of impactor orientation from 0° to 22° in pitch at impadalf of the tests
resulted in complete penetration, while half resulted inetatgformationor partial perforation
and eventual impactor rebound.

Figure 8(a) showsthree representaive frames from Test 8 in whid theimpector fully penerated

a 1.02-mm-thick (0.040 in.) aluminum tetgat a velocityof 81 m/s. The impactoris shownat
three stags of flicht: before impact, duringenetration, and after full penetratioRigure 8(b)
shows three frames from Test 7 in which the impactor part@diyorated a 0.94-mm-thick
(0.037 in.) Glar&"plate and then reboundedhe impactor is shown before impaatthe point
of maxmum plate deformation, and duringbound (it actuallymakes a 180turn aroundthe
vertical axs; the rebound picture shows the side that does not have the reflective strip).

Figure 9 shows photegphs of the aluminum and Glas&targets from Tests 7 anfl. The
phenomenolog of penetrations asfollows. The targ@t deforms in a diaphragbendingmode,
first elasticallyand then plastically Transient deflections as lagas11 mm (0.43in.) and
permanent deflections as largs 5 mm (0.20 in.) ambservedat the centerof aluminumtargets
that experienceno perforation damag For high enoudp impact velocities, (Model)l shear
cracks ominake atthe front surface of he target at the lbcaton of the impacbr edges and
propagte throudh the &rget Because oflte shapeof the impacbr and its orientation with
respect to thetarget a impect, thesher cracks fromthetarget edges will originate and propajate
at different times.

Whenthe first shearcrackreacheghe rear surface ofhe trget, partal perforaton begns (see
figure9(d)). Whencrackson threeof the ndenation sdes have reachetd back surface, antl i
the impector is still traveling a a sufficient vdocity, the patially peforated section of the target

in front of the impactor will bend bakward, hingng toward theside of theremaning ligament.
This bendinginhibits the propagtion of the shear cracks within that diment but promotes the
extenson of the fracture at eithe end of the ligament by Mode Il shear cracking. After
sufficient bendingdf the partiallyperforated section, the impactor campleteits penetratiorof
the targt (see figre 9(b)).

" Struwctural Laminates Compary, 510 Mnstitution Blvd., NewKensington, PA 150684327.
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Test 8: Aluminum Fuselag e Skin Test 7: Glare 5 1

81 m/s into 0.040-in.-thick 2024-T3 Al 82 m/s into 0.037-in.-thick Fiber-Metal Laminate
(Full Penetration) (Partial Perforation and Rebound)

Mounting
Frame (0.25
in. thick)

(a) Before Impact (d) Before Impact
Rectangular Reflector
(1.0in. by 0.5 in.) on
Camera Side of Impactor

(b) 0.4 ms after (a) (e) 0.7 ms after (d)

Rebounding Impactor
(Flipped Around)

(c) 1.1 ms after (a) (f) 4.7 ms after (d)

CPM-7412-21

FIGURE 8. REPRESENTAME FRAMES FROM HGH-SPEED CAMERA FOR T\
FRAGMENT IMPACT TESTS



Test 8 Aircraft Fuselage Skin [8In/s into 0.040-in.-thick 2024-T3 Aluminum

& _. &

‘ (b)

Front View

Test 7 Glare 5 F82 /s into 0.037-in.-thick Fiber-Metal Laminate

FIGURE 9. RECOVERED 6-in.-QUARE TARGET RATES FROM TWO FRAGMENT
IMPACT TESTS
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Figure 10 plots theenergy asorbe by the target duringthe interaction with theimpactor versus
thetargets arealdensty. Straight lines were drawn bsten he dah points represeimg enery
absorbel duringfull penetration for thetwo types of mderial. The result gpears to betha a
6-in.-square GlarBtarget can absorb cordéraby more energ in sbwing theimpacor thana
6-in.-square2024-T3Al target of the same aréalensity Differences in the orientation of the
impactor at impact (i.e., pitch) magcount for some of the variability the results.
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FIGURE 10. KNETIC ENERGY ABSOREED BY 6-in.-SQUARE TARGETS DURIG
IMPACT BY 25-GRAM RRAGMENT SIMULATOR AT 80 m/s

HIGH-STRENGTH FABRC MATERIALS.

For the nex seres of ests, varous fabre materials were nvestgated that might be phcedin the
space beteen he ouer fusedge skin and he interior trim. These materials were nade of hgh-
strengh fibers in the form of layps (with 0° and 90° pliesjelts, andtwo-dimensionalveaves.
Table6 lists the variousmaterialswe were able to obtain, alongith some relevant parameters.
These materials are descoed kter.
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TABLE 6. HIGH-STRENGTH FABRIC MATERIALS OBTAINED FOR MPACT STUDIES

Approximate Areal
Trade Supplying Fiber Fabric Thickness Density
Name Company’ Material Type (in.) (mm) | (g/cn?)
SpectaShield | Specta Aramid Layup (0°and 0.009 | 0.23 0.0255
Performance 90° plies)
Materials
Gold Shield Spectra UHMW Layup (0°and 0.006 | 0.15 0.0136
Performance polyethylene® | 90° plies)
Materials
Zylon Toyobo Co., PBO 2-D weawe 0.010 | 0.25 0.0219
Ltd.
TurtleSkn Warwick Mills | Aramd 2-D weawe 0.011 | 0.27 0.0241
Spectra UHMW Felt 0.13 3.3 0.0309
Performance polyethylene
Materials
—_— Spectra Aramid Felt 0.09 2.3 0.0115
Performance
Materials

Spectra Perbrmance Matrials is locaed in Peersburg, VA; Toyobo @., Ltd., is in Osaka, Japan
Warwick Mills is in New Ipswich, NH.

2Ultra-high molecuar weight polyethylere.

QUASI-STATIC TESTS AND REDESGN OF CIAMPING SCHEME. Before attemptinghe
dynamic impact tests, someof the maerials and the clamping scheme were examined quasi-
statically We clamped a 6-in.-square piece of fabric into the mourftiuge (see figre 7(b)),
placed he frane into a press, anda@lly pushedhe 25-gam fragment simulator into the &rget
while monitoringtheram pressuregauge.

The orignal clampingscheme was found to be of adequate strefog the felt targts. Figure11
shows the deformation obtained in a 6-in.-square sample of a ultda-inglecular weigt
(UHMW) polyethylene felt (whose areal densiof =<0.03 dgcn? is simila to tha of certain
existing arplane insuldion) dter quasi-stdic delection of =3.5 in. The felt resisted the
deflection with a force that ramped up to rblyg200 Ib (900N). Thetestwasstoppedvhenthe
force began to drop precipitouslyandthe felt begn showingobvious sigs of imminent failure
(see figure 11(3). The test demonstraed tha the felt could (& least queasi-staically) absorba
significant amount of eneygin deformation before penetration systaininga moderatdoad for
a substatia distance (our vey rough estimate of the absorbel energy, based on our cude
measurements for this test, was 34 J

The original clampingschemewas not, however,found to be of adequate stréindgor the 2-D
weaveor layup targets. Evenafter addng more bots to our chmping frame (to reach adtal of
36, spaced apprarately0.7 in. around the perimeter) andhtigningeach bolt tahe maximum
possible before bolt failure={00 in-Ib of torque), we could npreventthesefabricsfrom being
pulled out of the frame at relativelgw pressingorces well before fiber breakag
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(@) (b) T (@

CPM-7412-24

FIGURE 11.VIEWS OF UHMWPOLYETHEYLENE FELT AFTER QUASISTATIC
DEFORMATION BY FRAGMENT SMULATOR

The clampingscheme was redesigd to provide atronger gripping force. The new scheme,
shownin figure 7(c), involveswrappingthe four ends of the fabric tagg (which is in the shape
of a cross, with a 5-in.-square central i@y and 5-in.-wide eensions in the four directions)
around steel rods and then clampthg fabric between a hgstrengh steelclampingframe,
90°-ande groovescut into the backingframe, and three flattened faces on the steel rdde
clampingbolts (a total of 28, spaced appiroately 0.8 in. apart) are laeg thanin the original
device and can be tigened to 200 in-lb of torqueBefore the bolts aretightened the four free
ends of the fabric are pulled taut to reduce slack in thettarg

The new clampingscheme was tested quasi-staticaliyh a Z/don target. The force on the
impactor ramped up to=600 Ib beforea few of the fibers directlyin front of the impactor
shapped and continued up+600 Ib (at a deflection of rotdy 1.5 in.) beforethe remaining
fibers broke precipitously Although there was some creep of tfabric at a couple of points
alongthe frame, there was no rupture or pull out at the framferefore the clampingscheme
proved successful.

IMPACT EXPERMENTS—SNGLE-LAYER TARGETS A second series ofag gun tests
were performedin which our 25-gam Ti-6Al-4V fragnent simulators impacted various hig
strengh fiber targts held bythe clampingscheme described abovéhe targtswerefour of the
materials described in table 6, includimgp of the threefabric types,the layups,the 2-D weaves,
and dl three of thefiber maerials: aramid (TurtleSkin and Gold Shid), UHMW polyethylene
(Spectra Shield), and FB(Zylon).

Table 7 presents the relevanpermental parameters and resul®he first four testsinvolved
sinde-layer targets of thefour mderials, aad theremaning three had multiple-layer targets. All
of the tests resulted in full penetratioRigure 12 plots the eneygabsorbedduring penetration
versus the taeg’s areal densitfor the four targt materials.
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FIGURE 12. KINETIC ENERGY ABSOREED BY HIGH-STRENGTH FABRIC TARGETS
DURING PENETRATION BY A 25-GRAM FRAGMENT SMULATOR AT
80 m/s

The four tests with the sifeglayer targets(Tests13 throudh 17), all atanimpactvelocity of 80 +
2 m/s, provide a@pd comparison of thenery absorptionpotentialof the different materials.
For the TurtleSkin, Spectra Shidd, and Gold Shidd targets theimpeactors lost from 17 to 23 df
kinetic energ (20% to 30% of their total) duringenetration.For the Zylon target, however the
impactorlost 65.5J of kinetic energ (86% of its total) duringpenetration. This result is quite
remakable, especialy when compaed with theresults of theearlier tests with theduminum
materials (as shown in fige 13). The Z/lon target, with an areal densitgf only 0.0219 ¢en?,
absorbed more engrghan the 2024-T3 aluminum tatg whose areal density 12 times higer.

In situdions where totd weight is critical, the figure of meait (or critical paameter) is energy
absorbed per unarealdensty. Figure 14 corpares lhe enery absorbedoer unit arealdensty

for all six materialsstudiedin this progam (the two rigd and the four fabric materials) based on
full-pendration tests with the25-gam fragment simuldor & veocities of 80 £2 m/s. The
critical parameterfor Zylon is 15 times that for 2024-T3 aluminum, neafytimes that for
Glare 5—dnd at least 2.4 times that of the other fabric materials.
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PENETRATION MECHANISMS. We examined the recovered tatg from thefour singe-
layer impact tests to studihe penetration mechanismgigure 15 containsphotogaphsof the
regons aroundthe penetrationholes for each of these test3he two woven materials show
significant differencegcompardigures15(a) and 15(e) with figres 15(b) and 15(f))The Zy/lon
shows subsntial fiber dsplacenent and dsturbance of he fabric weave patern in all four
orthogonal directionsfrom the point of impactor contact out to the clampingd. The impactor
appearsto have punchedthrough the TurtleSkin, however, disturbinghe fabric onlyin the
immediate vicinity of the pendration hole

A rough measurerant of how far the fragment displaced he fabrc at the pont of conplete
perforation can be obtained from the Hygpeed movies; theshowthe Zylon stretchingabout
20% farther thanthe TurteSkin. This higher fabrc displacenent and he larger area of fabad
deformation bot likely contibuted b the nmuch krger absorpbn energ recorded forhe Zylon
than for the TurtleSkin, as did the hay fiberstrengh, asreportedby the manufacture(for PBO
as conpared wih aramds or poyethylene).

Examination of the recovered tagets from thetwo layup mderials showe tha they behaved
guditatively similarly: the fibers from both orthognd plies tha are in theregion impated by
the fragment simulator’s front face faled, and no dter fibers were noteably perurbed. The
0.25 x0.50 in. rectanglar gap in the Gold Shield (see figes 15(d) and 15(h)) is just the et
the impactor’s front surface (seedig 6(b)); the horiantal fibers 0.25in. aboveandbelowthis
gap simply moved aside as the d@wpl portion of the 1.0-in.-wide impactor passed thhoagd
resuned therr original locaton aferward. The wider gp for the $ecta Sield (seefiguresl5(c)
and 15(g) is likely due to a combination of impactor roll and{@w. The high-speedmovies
show themaximum fabric ddormaion for the two layups to be =0.25 in. less than for the
TurtleSkin =0.45 in. less than foryfon).

The horizontd and vertical plies in the Gold Shiéd were compldely delached after the test,
while those in the Spectra Shield were detachediartlyeregon wheretheimpactorhadpassed
throuch. The SpectraShield plies are more stroggoonded togther than the plies of the Gold
Shield before impact and remain lahgbonded duringoenetration. This differencein bond
strength may contributeto theresult thd the Spestra Shidd absorbs only30% less tha theGold
Shield, while havingnly about half the areal density

IMPACT EXPERMENTS—MULTIPLE-LAYER TARGETS For the three tests involving
multiple-layer targets, we atempted to inaease the energy-absorptionpotential of the multiple
layers by orienting the layrs at different angs. We would have liked to have used a 45°
orientation for someof the layers, but the thefibers ner the impact zonea the center of the
target would exend outvard bward he nside corners ofhte cross-shapedarget, which are
unclamped.So we selected22.5° as the orientation feomelayers; impactzonefibersoriented

at £22.5° exend into the clamped reamn.

The resultsfrom the multiple-layer testsare shown in figire 12. With TurtleSkin and Spectra
Shield, for which sinig-layer targets had absorbed less than one-quarter chvhdablekinetic
energy, we usal three layers in thetargets and tested a impact velocities simila to thosein the
sinde-layer tests. The energy absorption for thehree-layer TurtleSkin test wes 3 times higher
than thatfor the singe-layer test. Whereasa 3-layer Spectra Shieldest absorbed.4 times the
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enery absorbed by snge layer. Additional tests are requed b deermine whether enery
absorption is proportional to the number of fabrictay

With Zylon, for which a sintg-layer target had absorbed over 86% of the available kinetic
energy, we usedonly two layers and increased the impact velodityensure full penetrationlhe
energy absorpion increased bynly =50%, smallerthanthe 100% increase in area densiBut
the results of this tet ae questionale for two reasons. First, somedebris from the auminum
honeyomb beingrapidly crushed between the sabot ahé momentumtrap (seefigure 6)
travekd outahead of e rget, impactng the trget first and adding to the incomning kinetc
enery. Second, some fibers from the regidah layer (the layer with the 22.5° orientation)that
were closeto the impact zone impaced the very edg of one of he chnping rods, eadng to
fiber pull-out at that edge and thus weakeninthe response of that kxy This test should be
repested with modifications to thes@dot/mometum trgp configuraion to beter contan the
honeyomb debrisat the higher impact velocities and with the orientation of the redorZfiber
reduced to perhaps 15°.

DISCUSSON AND CONCLUSIONS Thesefew testsdo not necessarilydemonstratehat a
particular fiber material (e.gthe PED in Zylon) is superior to the other fiber materials or that a
particular fabric tpe (e.g, the 2-D weave) is superior to other fabripdayin termsof kinetic
enery absorption duringa fragnent penetration, because all of the four fabrics we used had
different structures. The TurteSkin, for exanple, has a mch ighter weavethanthe Zylon and

uses fibers of smaller diameteFhe Spectra Shield us#dsnnerfibersthanthe Gold Shield,but
holds these fibers tether more tigtly. Although the results sugst that P is the bestof the

fiber materials currenty avaiable, and hata 2-D weave can absorbone energ than a &yup,
further tests ae needed to @nfirm these indications and to optimizethe fiber diameter, tightness

of weave, and othe fabric design paameters to maimize the energy absorption potstial.

What these tests have ddfinitively demonstraed is tha high-strength fabric maerials do hae a
very large fragmentenergy absorptiorpotentialper unit areal densitgnd thus should be strdgg
consideed in fragment barier designs whee minimizing theweight is importat.

FINITE ELEMENT CALCULATIONS We peformed finite dement calculations to simulée
two of thegas qun tests of atitanium impator on a6-in.-squae auminumtarget. The man
objectiveof thesecalculations was to evaluate our ability calculate the response of fnagnt
barriers,including damag and failure of the barrier. The longterm gpals of the calculational
progam are to use finite element calculations to aesdynd understandragmentbarrierimpact
expeiments and to usethe insights gained from the calculations to provide feedback to
experiments; for eample, to investigte barrier desig concepts. We envision thatthese
calculationswill enable usto identify important paameters in thebarier design and to déermine
the dependence of barrier effectiveness on variousrdeaigmetersuchasspacingangdes,and
materials and to hdp improveand optimizebarier designs.

Our approach was tase the DYNA3D®? finite element code to paform the simuldions.
DYNAS3D is a nonlinear,explicit, three-dimensional nonlinear finite element code for anady
the dyamic response of structureBYNA3D calculates failure iimaterialsusinga tied node
with failure (TNWF) adgorithm for shé elements“? In the TNWF agorithm, astran to falure
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is specfied for the material. Whenthe averagd valie of effectve plasic strain for eements
connectecdht a nodallocationreaches the specified value, the nodes are released and allowed to
move independentlyThe appendixives the input files for these fragnt impact calculations.

The materials were modeled as elastic plastic with strain hardeWegused handbookalues
for thematerialproperties of the Ti-6Al-4V titanium impactor and the 2024-T3 aluminunetarg
listed in table 8.We included a value of strain to failure of 0.20 for the aluminum.

TABLE 8. MATERIAL PROPERTES USED N FINITE ELEMENT IMPACT

SIMULATIONS
Ti-6Al-4V 2024-T3 Al

Youngds modulus 110 GPa (16 A& psi) | 69 GPa (10 A& psi)
Poisson’s ratio 0.30 0.33
Yield strengh 827 MPa (120 ksi) 345 MPa (50 ksi)
Hardeningmodulus 2.1 GPa (3.040 psi) | 0.69 MPa (1.0 X psi)
Weight density 4.47 dcc (0.16 Ib/ire) 2.7 dcc (0.10 Ib/ire)
Strain to failure 0.20

The configuration for the calculations is shown indig 16. The target is a 15.24-cm-square
(6.0-in.), 1.0-mme-thick (0.040-in.) sheet of aluminum 9.5-mm (3/8-in.) fixed borderwas
included on all sides of the tatg The impactor was a 25.2-gam titanium impactor with
dimensionsasshown in figire 6(b). The finite element mesh contained about 2,008teigded
brick elements for the impactor and over 12,000 shell elements ftarteé Theimpactorwas
given an initial velocity and initid position (i.e, speified pitch and roll anges) as measured in
the experiment.

We performed simulaions of an experiment doseto thebdlistic limit, Test 3, and an experiment
well above the ballistic limit, Test @-or Test 3, the impactor velocitt impactwasmeasuredt
59 m/s with a pitch ang of -13.3° and a rokinde of -10.0°. The resultsfor Test3 showed
paria perforaton of he trget Because Tesb at slightly lower impact velocity (56 m/s)
showed deformation only we consider Test 3 to be just slity above the threshold for
penetration.

The results of the DYNA3D simulation of Test 3 are shown iaoréd.7. Figure 17(a) shows
fringes of vdocity in the plate and impattor & 60 ps. At this erly time, the impactor velocity
hasslowedonly slightly to about50 m/s, and the plate has bego deform in concentric circles
aroundtheimpactor. At 380 ps, shown in figire 17(b), the impactor has slowed considerably
about10 m/s, and the frirg patterns of velocityn the plate show the effects of the square
boundary At 790 ps, shown in figire 17(c), the impactor has rebounded frompla¢e, with a
rebound velocityof about 20 m/s. The calculated damagin the plate shows permanent
deformationat the impacted location and several elements near failure, but no perforation of the
platewascalculated. The calculated rebound velocigf 20 m/s was somewhategter than the
measured rebound velocity 15.3 m/s.
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measured at 95 m/s with a pitch Bngf -9.3° and &oll ande of -9.5°. Thetarget for Test6 was
completelypenetratedy the impactor. The results of the DYNA3D simulation of Test 6 are
shown in figire 18. Figure 18(a) shows friregs of velocityin the plate and impactat 40 ps.
Theimpactor velocity has slowed very little and theplate shows arcular ripples in veocity. At
100ps, shownin figure 18(b), the impactor has slowed to about 75 m/s and has leg
pendrate the target. The fringe paterns of vdocity in the plate still show carcular velocity
patterns. At 250 ps, shown in figire 18(c), the impactor fullpenetrated the plate and has a
residud velocity of 65 m/s, whib is slightly higher than the measured residud velocity of
61.8 m/s.

Velocity
{mi's)

(a) 40ps (b) 100 ps (e) 250ps

FIGURE 18. DYNA3D CAICULATED RESULTS FOR TEST 6,WMPACT VELOCITY
95 m/s

These two simulations demonstrate the capatiiityusing DYNA3D to calculate thempact
responsef target materials includinglamag and failure. The simulations showedgd overall
agreement with theexperimentd results. Theresults of theTest 3 simuléion indicate that 59 m/s
is verynear the threshold velocitgr this targt and penetratorThis is a @od result considering
that we used handbook values for the mechanical properties of the titanium and aluminum.

The discrepancies between theesiment and simulation, that thepeximent showedlight
perforation and lower rebound velocityan the simulation, could be due to differences in the
actud maerial propeties for the target maerial or in simuldion assumptions, forxample, tha

the boundaries were iy There mayhave beerslight slippag in the experimentthat was not
modeled in the simulationThe simulation of Test 6 demonstrates the abibtgalculate targf
response well into the rege of material failure.
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THE NEXT STEPS

To achieve a pradtal fragment barrier desgn for arcraft, we recormend that two efforts be
undertaken simultaneously

1. A semiempirical effort in which the bdlistic effectiveness of themaerials and barier
designs identified in this work is evaluated in tests @ainst simuléed fragments and the
despns are mdified © acheve acceble proecion.

2. A samicomputdiond effort in which a fragment-barier impact simuldaion capability is
developed tha can beusal for paameric investigations and barier design optimizdion.

The semiempiricaleffort should result in acceptable barriers in the short term; the semi-
computational effort should result in more efficient barriers in the temg.

Each effort requires both p&riments and computationdn the eyeriment-dominateeffort,
time to implementation is enphasized & the expenseof someweight and wstefficiendes. Inthe
computdion-dominded efort, more efficient bariers ae anticipated, but they will not be
available until alater time.

NEAR-TERM ENGNE FRAGMENT BARRERS

To acheve practcal engne fragment barriers n the near érm, barrier desgns usng high-
strengh fabrics as describedin this work should be assembled and their abitiydefeat
impinging fragments déermined. The bdlistic paformance of various wewves, felts, and layups

of aramids, polgthylenes, and PB should be evaluated inag) gun testswith simulated
fragmentsin which absorbed energs measured. These results should be used to rank the
materialsand fabrics, to determine required thicknesses, and to innovate modifications to the
desigs.

The impacted barriers should be examined macroscopicalland with a scanninglectron
microscope to determine daneagechanisms of the component materais structures. Such
informationis usefulin designingimproved barriers and in choosiong developingnathematical
models that describe danggyolution.

The results of the tests should be input itite existing DYNA capability and the impact
response of the modified desgyshould be simulatedzurthercomputationakimulationsshould

be performed to assist the understanadih@arrier parameters such as gbgl andmechanical
properties of barrier components, éaythicknesses, interfacbond strenghs, spacing, and
andes. Basedon the finding, and as warranted, the barriers should be further modified,
assembled, and tested.

This iterative procedure of impact experiments and computdions is r@eated until a barier
system havingacceptable ballistic performance, waigand cost is achieved.

Minimizing aircrafttareweight requires that the barriers perform functions of, and hence replace,

currently usel strudures. Within the fusdage wal, these strudures includethe interior panding
and thefiberglass insuléion blanke. Thus, themaerials and febrics tha emerge as likely barier
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componentshouldbe evaluatedor their abilities to provide thermal and acoustic insulation and
for their waterabsorptionandflame resistant propertiesStructural solutions should be pursued
to address nonballistic function issues (i.e., bofalprics as water barrier envelopes for the felts).

A key issue $ how b atach he barrers b the stuctural members of he fusedge. The barriers
will be most dfective if attached firmly to these membeas, so tha when impacted, fibers in the
barriers eyerience naximum stess and hence ext maximum slowing force on afragment
before tearing away. Large area bariers thd span many strudurd grids will cause a greater
number of structural members to be involved in slowing nags and thus may also be
desirable. At cross purposs is the desirability tha the bariers be easily removable during
teardown inspections.

The enery absorptioncapability of the structural members of the fusedagkeleton (frame
membersandlongerons)shouldbe evaluated inag gun impact testsPossible failure modes for
individud membeas ae pendration and plastic hingng, which will depend on thesize shae,
and vdocity of the projectile. Strudurd collapse of a section of the skdeton will be anothe
failure node T large area barers or stongy atached bargrs are used.

A COMPUTATIONAL DESGN/EVALUATION CAPABILITY.

Although the semiempirical approach discussed in the precegm@ggaphs could result in
prectical engnefragment bariers in ashort time the bariers will most probaly not beoptimd

in terms of weight, spaceandcost To acheve nore efficient barrier desgns, a corputatonal
capabilityshould be developed that can simulate variousriesng-barrier impact scenarios and
predict the outcome with somerdiability. Sud a capability would dlow the influence on
bdlistic effectiveness of themany paameters of thebarier strudures and theimpact seenariosto

be determined in a cost-effective wayd implicate superior barrier dessy which thercouldbe
investigated and vdidated in amud morelimited seies of impact experiments.

Thecomputdiond capability would consist of acompute code (which calculates thedistribution
and history of stresses and strains in the fremt and barrier), a deformation and failure
model(s) (which describe how the materials respond to the staas$sBains),andconstitutive
daa and falure criteria (measured in lbordory tests for thespeific maerials of interest, which
guantifythe models).The status of these elements is sumnedra the followingparagaphs.

COMPUTER CODES Advanced, nonlinear, adyamic, computeanalysis codesare neededo
calculate stresses, strans, aad danage in projectiles and tagets & dl locations and & dl times
during a bdlistic impact event. Many commaercialy available finite eement codes can treat
impactpenetaton scenans and accepmaterial and falure nodek. The most suitable codes
appear to be AUTODYNE, DYNA3D, DYTRAN,&DYNA, and STARDYNE.

DEFORMATION AND FAILURE MODELS. Mathematical descriptions of the deformation
and falure charadristics of he mpacing and mpaced neterials are neededto compute the
response of the materials to the ballistic lodés:. homogneous materials, the most wideled
deformation models areolinson-Cook (empirical), éilli-Armstrong (dislocation-mechanics-
based), and &lner-Partom (speciakd for impact). Parameters for-C and BP aredetermined
from fits to data (C parameters ést for about 27 materials);-& parameters cahe estimated
from first principles. Over 90% of composite structure dewgs use either maxmum stress,
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maximum stran, or qualraic polynomid theories for failure criteria. For composits and
textiles, mnsasus déormation and falure modds ae lacking.

HIGH STRAIN RATE CONSTTUTIVE DATA. Measurements of the deformation produced
by an applied load are needed to quatify a maerial modd. Stress-stran curves in tension,
compressionand shearas a function of strain rate and temperatureisgxfor many metallic,
ceramic,polymeric, and composite materials.In general, homogneous materials are the best
characterized, ceramic maerials show littlerate dependence, composits ae chaacterized as
continua, and polyer fibers are poorlgharacteried at hidp strain rates.

HIGH STRAIN RATE TEST TECHNIQUES Mechantcal tests are neededot measure
constitutiveand failure behavior of materials under various states of stress at elevated strain
rates. High stran rate tests «ist, but no tet is standad. Furthemore no test is capable of
measuringbehavior over the entire dynamic rang of strain rates or stress states; thus, a
comprehensive characteairon of a material requires that seveglesof testsbe performed.
Finally, no reliable test currentikists for determininghe hidn strain rate behavior of fibers.

SUMMARY.

The stateof the artin computationapenetration anays is advanced and is pma@gsing and a
strongbasis «ists for deeloping a computdiond fragment-barier impact simuldion capability .

Existing finite eement codes gpear adequae for simulding the impact of a fragment with a
barrier. Deformationand failure models and data et for many steels, aluminum allsy
titanium aloys, and othe homogneous maerials and ae often adequae for pendration

computatons. Most of the currentcanddae arnor cerancs have been recdnt well

characterizdwith respecto staticpropertiesand because these materialkibit little strain rate
dependence, these daa may adequéaely desaibe bdlistic behavior.

However, several informationags prevent reliable simulations béllistic responseof certain
materials, especialy thosepolymeric maerials identified in this work & most promisingfor
engne fragnent barriers on aircraftModels and data facompositesendto be empirical,based
on continuumassumptionsandsituationdependent.For fibers and tetdes, modelingefforts are
scatteredthe phenomenolog of projectileimpact is poorlyunderstood, hig strain rate data are
scarce, and reliable test techniques for measiatfigstic responsalo not exist. The diaghostic
and analgs capabilities available todaghould allow these current shortconsntp be
overcome.

CONCLUSIONS

REVIEW OF MILITARY ARMOR TECHNOLOGY.

Our survey of the advenced amor maderials induded meallic adloys, ceramics, polymers, and
composits. In assessingthdr potential for implementation on arcraft, we consideed material
weight, oost, and andllary propeties, in aldition to mehanical propeties and bdlistic
performance.

We concluded that higy ordered, higly crystalline, high molecular weibt polymers, because
of their low densityand hidn strengh, hold geat promise for enge fragnent barrieron aircraft.
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Speciicaly, fibers of cedin aramds, polyethylenesandpolybenoxazole (PBO) appeaicapabé
of providing a uséul measure of bdlistic protection in themostweight-efficient manne. These
materials can be configed as weaves, braids, knilgayups, felts, and as componentsof
reinforced resins, providingextensivedesign flexibility in achieving weight-efficient bariers.

The surveyfurther showed that advanced ceramics should be considered as components
aircraft armor.Great strides were made duritige recent DOD armanitiative in understanding

and characterizing the bdlistic peformance of ceramics. In paticular, encapsulded tiles of
Al,03, SIC, BC, TiB,, AIN, and certain ceramic dloys and ermes wee shown to besffective

in defeatingprojectiles at areal densities sifyjcantly lower than their metallic counterparts.

As regards metallic maerials, thestreagth and toudiness of &uminum dloys, titanium dloys,
and steels have been enhanced in receatsybycompositionalchangs, thermomechanical
treatments, and improvenents in deanliness. Gans in bdlistic resistance, however, have been
only marginal. Neverthdess,these newer dloy variants mg find goplication within thenacelle.
Metal matrix and ceramic marix composits wee little usel in bdtle tank amor.

BARRIER DESGN FOR ENGNE FRAGMENTS

Basedon thefindings from the DOD armor review, a fragent barrier scheme was conceived for
preventing low energy fragments from paerating the fusdage wal and then severing control
linesor damagng a secondengne. The scheme consists of felts and muletgyof hidh strengh
polymer fibers with to-be-specifiedspacingand boundargonditions. The barrier scheme seeks
to minimizeadded weght and st byreplacing existing materials in the fusdage wall with dud
function bdlistic maerials.

A secondschemauses an inclined laminate of polgr, ceramic, and metal allég provide local
protection to fuel and control lines.

FRAGMENT BARRIER TEST FACLITY.

A fragment impact test fecility was designed, construded, and use to bein to evaluae the
bdlistic resistance of fusdage wdl materials and several advanced maerials. A fragment-
simulatingprojectile was desiged, a gs gun was modifiedo acceleratehe projectileagainsta
barrier at prescrbed vebcity, and a hgh-speed caera was posioned b record mpact and
residud velocities, dlowing absorbel energy to be determined. Against a 25-gam simulaed
fragmentat 80 m/s glass fber-abminumlaminates absorbed negrtwice he energ absorbed by
conventional aluminum fuselagkin of equivalent welgf. Strong polyner fibers, testedas
layupsandweaves, however, absorbedich hgher energes andn terms of aeral densty were
5 to 10 times moreéfficient than duminum fuséage skin, sugesting tha these maerials will
perform well as components of aircraft fmagnt barriers.

COMPUTATIONAL SIMULATIONS

A computational tool for interpretingnpact eperiments and designg barrierswasdeveloped.
A tied-node-with-failurealgorithm introduced into the material failure model used in the
DYNA3D codeenablesus to estimate the residual velocdl a penetratindgragment and thus
evalake the energ-absorbing capady of poenta barrier systens. Computed resuts on
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aluminum aircraft skin agreed wdl with experiments; morecomplex faillure modds and high
strain rate material properties are needed to applyool to polyer fibers.

RECOMMENDATIONS

This work has confirmed higstrengh polymer fibers agshe advancednaterialmostappropriate
for protectingaircraft from enme fragnents and has identified thrgmarticular polymers as
having the prerequite low densly and hgh stengh. Polybenoxazle, because ofts
exceptiond bdlistic propeties, flane resistance, and waer asorption reistance, gpears to be
paricularly suited asa barrier material. The next step s to desgn practical barriers fromthese
fibersthat can meetthe aircraft requrement for flame and wadr resstance, abng with thermdl

and acoustic insulation properties.

Much desig flexibility exists because the three fibepé&gcanbe producedn manydiameters,
lengths, and surfacerishes;the fibers can be corgured n many types ofweavesfelts, and
layups; and these configations can be assembled in magepmetries, fiber migs, andcan
include other materials.

We recommend two efforts be undertaken to capiatia these findirgg a semiempirical effort
to evaluae the bdlistic effectiveness of &isting polymer fabric strudures and barier designs,
and an effort to develop acomputdiond capability for designing and evaluaing barier schemes
based on material failure mechanisms and propertiébe former effort could resulin
acceptble barrer systens in the near drm; the kiter aims for the bnger-term is the desgn of
barier systans moreoptimd in terms of weght, cost, and ese of instdlation and removd for
aircraft inspectionsThese efforts can be performed simultaneaously
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APPENDIX A LINGRID AND DYNA3D INPUT FILES FOR THE FRAGMENT
IMPACT CALCULATIONS

This appendixcontains listing of the NGRID and DYNA3D input files for a representative
fragment impact simuldion paformed in this study The INGRID progam is the preprogessor
used for the mesh and modehgration. DYNA3D is the nonlineardynamicfinite elementcode
usedin the analges. Additional information on each of the input files and mod#legation is
given below.

INGRID INPUT FILE.

The followingis the complete listingf the NGRID input file usedto createthe final versionof

the DYNA3D fragnent impact model input fileThis INGRID inputfile generategshe complete
DYNA3D model with the egeption of the tied node with failure algthm usedto simulatethe
fragment penetration.These tied node input cards wemngrated usin@ simple progam that
searcheshe nodalpositions finds nodesat coincident locations, and writes the input cards in the
properformat. The tied failure algrithm also requires input of a failure strain, which was set at
20% for thee simuldions.

Alternatively, this model could be modified to run without the failure dpecifyng a part
tolerance for thedisaete e ement zonetha is apositivenumbe.



FRAG1 - fragment penetration calculation
dn3d

c

term 1.00e-03

prti 1.00e-04

plti 2.50e-05

tssf 0.70e+00

pnit 1.00e-02

c

c plane 1

¢ 0.00.00.0 0.01.00.0 0.0001 symm

global coordinate transformation

OO0

gct 3; my 0.50 ; mz 0.50 ; my 0.50 mz 0.50 ;

c
c sliding interfaces
c
silsv;
c
c part definitions
c
start ¢ part 1 - fragment
115;
151317;
15;
0.000 1.260
-0.500 -0.250 0.250 0.500
-0.125 0.125
c
mb221232 1 0.175
c
sii -2 1 4; 1 2; 1 s
sii 12;-1-4; 1 2; 1 s
sii 12; 1 4;-1-2; 1 s

c
coorl;rz0.0rx24;
Irep1;

c
velocity 2.323e+03 0.000 0.000

c

mate 1

end

c

c

start ¢ part 2 - outer frame

9198 101 ;

9198 101;

400 1.500 1.600

-3.000 -2.625 -2.000 2000 2.625 3.000
-3.000 -2.625 -2.000 2.000 2.625 3.000

123;

1411

1411
1.

di :25;25;

111111
111111
111111
111111
111111
111111
111111
111111

COOOTOTOOT
WWWWR R R
NNORORRRE
OrRRRRPRPRPORL PP
WWWWWWwwWww W
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c
velocity

© roNOROO®

o
o

.00.0
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¢ part 3 - outer shell

mate 1
end
c
-1 ;
1

Cc
start

3.000
3.000

2.625
2.625

2.000
2.000

4119198101;
14119198101,

1.50
-3.000 -2.625 -2.000

-3.000 -2.625 -2.000

c part 4 - shell break area

567891011121314151617 1819 20;
567891011121314151617 1819 20;

-1;34:;34;
-1;23;23;

di
velocity 0.0 0.0 0.0

thick 0.040
mate 2
end

1
01819;120;

08901011;
01617018 19;

6708901011,;120;
15016 17
45067
301415

1001112013
20;
001112013
0.

1

9
9
9

9

0
078091
7180192

780
17 18
6 8
1 0

0.0mz -2.0;
1.0 mz
0.0 mz

1.0mz -1.0 ; my -2.0 mz
0.0; my
1.0; my

0.0 mz
my -1.0 mz

my

1.0
1.0

lrep12345678910111213141516;

grep0123;

my 1.0mz-2.0;my-20mz-1.0;my-1.0mz-1.0;
0.0

my 0.0 mz-1.0; my

my -2.0 mz

coor 16 ; my -2.0 mz -2.0; my -1.0 mz -2.0 ; my
my -1.0 mz

A-3

my 1.0mz

velocity 0.0 0.0 0.0

thick 0.0400
mate 2

end

c

c

C
Cc



c material model definitions
c
ctmm 1 1.31e-02

c
mat 13
head
elastic-plastic model for Ti-6-4
e 1.6e+07
pr 0.30
sigy 1.200e+05
etan 3.000e+05
beta 0.2
ro 4.18e-04
endmat
c
mat 2 3
head
elastic-plastic model for 2024-T3 Al
e 1.000e+07
pr 0.33
sigy 5.000e+04
etan 1.000e+05

beta 0.2
shell

shear 1.0
quad 4.0
shth 0.040
ro 2.53e-04
endmat

c

c

c
bptol 3 4 0.005
c
ptol 4 -0.01

nd

interactive commands

(e N eNeNNeNe)

tp 0.005
%
set tv display
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DYNASD INPUT FILE.

This followingis partial listingof the DYNA3D inputfile usedfor the fragmentimpactanalysis.
Thislisting containspart of each different data input section required for the smalfdowever,
the bulk of the input cards for various sections were eliminated to reduce thetbstisigethat
could be included in this appendiXhe complete listings over 100,000 lines.



FRAG1 - fragment penetration calculation 88 large
88 large

Generated by Ingrid - Version # 1996e (08/08/96)
CONTROL CARD #2 *

* number of materials[1] nodal points[2] solid hexahedron elements[3] beam
* elements[4] 4-node shell elements[5] 8-node solid shell elements[6]
2 33303 3224 0 10000

*

* CONTROL CARD #3 *

*

* number of time history blocks for nodes[1] hexahedron elements[2] beam

* elements[3] shell elements[4] thick shell elements[5] and report interval[6]
0 0 0 0 0 0

*

* CONTROL CARD #4 *
* number of nodes in DYNA3D-JOY interface[1] number of sliding boundary
* planes|[2] sliding boundary planes w/ failure[3] points in density vs depth
* curve[4] brode function flag[5] number of rigid body merge cards[6]
* nodal coordinate format[7]
0 0 0 0 0 0e20.0

*

* CONTROL CARD #5 *

*

* number of load curves[1] concentrated nodal loads[2] element sides having

* pressure loads applied[3] velocity/acceleration boundary condition cards[4]

* rigid walls (stonewalls)[5] nodal constraint cards[6] initial condition

* parameter[7] sliding interfaces[8] base acceleration in x[9] y[10] and

* z-direction[11] angular velocity about x[12] y[13] and z-axis[14] number of

* solid hexahedron elements for momentum deposit[15] detonation points[16]
0 0 0 0 0 0 1 1 0 0 0

*

* CONTROL CARD #6 *
*
* termination time[1] time history dump interval[2] complete dump interval[3]
* time steps between restart dumps[4] time steps between running restart
* dumps[5] initial time step[6] sliding interface penalty factor[7] thermal
* effects option[8] default viscosity flag[9] computed time step factor[10]
1.000E-03 1.000E-04 2.500E-05 0 0 0.000E+00 1.000E-02 0 0 7.000E-01
*

* CONTROL CARD #7 *

* number of joint definitions[1] rigid bodies with extra nodes[2] shell-

* solid interfaces|3] tie-breaking shell slidelines[4] tied node sets with

* failure[5] limiting time step load curve number[6] springs-dampers-masses

* flag[7] rigid bodies with inertial properties[8] dump shell strain flag[9]

* shadow burn flag[10] dump hydro variables flag[11] shell update[12]

* thickness[13] and theory options[14] number of nonreflecting

* boundary segments[15]
0 0 0

0 1 0 0 0 1 0 0 0 0 0 0

*

* CONTROL CARD #8 *
*
* number of point constraint nodes[1] coordinate systems for constraint
* nodes[2] minimum step factor[3] number of beam integration rules[4]
* maximum integration points for beams[5] number of shell integration rules[6]
* maximum integration points for shells[7] relaxation iterations between
* checks[8] relaxation tolerance[9] dynamic relaxation factor[10] dynamic
* relaxation time step factor[11] 4-node shell time step option[12]
0 0 0.000E+00 0 0 0 0 250 1.000E-04 9.950E-01 0.000E+00
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* %k k¥

CONTROL CARD #9 *

plane stress plasticity[1] printout flag[2] number of 1D slidelines[3]
1 0 0

MATERIAL CARDS *

1 3 4.180E-04 0 0 0.000E+00 0 0.000E+00 0.000E+00 0 0
elastic-plastic model for Ti-6-4
1.600E+07 0.000E+00 0.000E+00 0.000E+00 0.000E+00 0.000E+00 0.000E+00 0.000E+00
3.000E-01 0.000E+00 0.000E+00 0.000E+00 0.000E+00 0.000E+00 0.000E+00 0.000E+00
1.200E+05 0.000E+00 0.000E+00 0.000E+00 0.000E+00 0.000E+00 0.000E+00 0.000E+00
3.000E+05 0.000E+00 0.000E+00 0.000E+00 0.000E+00 0.000E+00 0.000E+00 0.000E+00
2.000E-01 0.000E+00 0.000E+00 0.000E+00 0.000E+00 0.000E+00 0.000E+00 0.000E+00
0.000E+00 0.000E+00 0.000E+00 0.000E+00 0.000E+00 0.000E+00 0.000E+00 0.000E+00

2 3 2.530E-04 0 0 0.000E+00 0 0.000E+00 0.000E+00 2 0
elastic-plastic model for 2024-T3 Al
1.000E+07 0.000E+00 0.000E+00 0.000E+00 0.000E+00 0.000E+00 0.000E+00 0.000E+00
3.300E-01 0.000E+00 0.000E+00 0.000E+00 0.000E+00 0.000E+00 0.000E+00 0.000E+00
5.000E+04 0.000E+00 0.000E+00 0.000E+00 0.000E+00 0.000E+00 0.000E+00 0.000E+00
1.000E+05 0.000E+00 0.000E+00 0.000E+00 0.000E+00 0.000E+00 0.000E+00 0.000E+00
2.000E-01 0.000E+00 0.000E+00 0.000E+00 0.000E+00 0.000E+00 0.000E+00 0.000E+00
0.000E+00 0.000E+00 0.000E+00 0.000E+00 0.000E+00 0.000E+00 0.000E+00 0.000E+00
section properties
1.000E+00 4.000E+00 3.000E+00 0.000E+00
4.000E-02 4.000E-02 4.000E-02 4.000E-02 0.000E+00

————————— nodal definition cards --------*
1 0 0.0000000000000E+00-4.9432700000000E-01-1.4582820000000E-01
2 0 0.0000000000000E+00-4.9694420000000E-01-8.3383010000000E-02
3 0 0.0000000000000E+00-4.9956140000000E-01-2.0937830000000E-02
4 0 0.0000000000000E+00-5.0217870000000E-01 4.1507350000000E-02
5 0 0.0000000000000E+00-5.0479590000000E-01 1.0395250000000E-01
6 0 0.0000000000000E+00-4.3188180000000E-01-1.4321090000000E-01
7 0 0.0000000000000E+00-4.3449900000000E-01-8.0765780000000E-02
8 0 0.0000000000000E+00-4.3711630000000E-01-1.8320600000000E-02
9 0 0.0000000000000E+00-4.3973350000000E-01 4.4124580000000E-02
10 0 0.0000000000000E+00-4.4235070000000E-01 1.0656980000000E-01
33293 0 1.5000000000000E+00 1.9500000000000E+00 1.7000000000000E+00
33294 0 1.5000000000000E+00 1.9500000000000E+00 1.7500000000000E+00
33295 0 1.5000000000000E+00 1.9500000000000E+00 1.7500000000000E+00
33296 0 1.5000000000000E+00 1.9500000000000E+00 1.8000000000000E+00
33297 0 1.5000000000000E+00 1.9500000000000E+00 1.8000000000000E+00
33298 0 1.5000000000000E+00 1.9500000000000E+00 1.8500000000000E+00
33299 0 1.5000000000000E+00 1.9500000000000E+00 1.8500000000000E+00
33300 0 1.5000000000000E+00 1.9500000000000E+00 1.9000000000000E+00
33301 0 1.5000000000000E+00 1.9500000000000E+00 1.9000000000000E+00
33302 0 1.5000000000000E+00 1.9500000000000E+00 1.9500000000000E+00
33303 0 1.5000000000000E+00 1.9500000000000E+00 1.9500000000000E+00
------ 8-node solid brick elements ------*
1 1 1 26 31 6 2 27 32 7
2 1 26 51 56 31 27 52 57 32
3 1 51 76 81 56 52 77 82 57
4 1 76 101 106 81 77 102 107 82
5 1 101 126 131 106 102 127 132 107
6 1 126 151 156 131 127 152 157 132
7 1 151 176 181 156 152 177 182 157
8 1 176 201 206 181 177 202 207 182

A-7
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9 1 201 226 231 206
10 1 226 251 256 231
3214 1 4346 5907 5914 4353
3215 1 4353 5914 5921 4360
3216 1 3584 5532 5908 4347
3217 1 4347 5908 5915 4354
3218 1 4354 5915 5922 4361
3219 1 3585 5533 5923 4371
3220 1 4371 5923 5926 4374
3221 1 4374 5926 5929 4377
3222 1 3586 5534 5924 4372
3223 1 4372 5924 5927 4375
3224 1 4375 5927 5930 4378
--------- 4-node shell elements ---------*
1 2 1292 1296 1297 1293
4.000E-02 4.000E-02 4.000E-02 4.000E-02 0.000E+00
2 2 1296 1300 1301 1297
4.000E-02 4.000E-02 4.000E-02 4.000E-02 0.000E+00
3 2 1300 1304 1305 1301
4.000E-02 4.000E-02 4.000E-02 4.000E-02 0.000E+00
4 2 1293 1297 1298 1294
4.000E-02 4.000E-02 4.000E-02 4.000E-02 0.000E+00
5 2 1297 1301 1302 1298
4.000E-02 4.000E-02 4.000E-02 4.000E-02 0.000E+00
6 2 1301 1305 1306 1302
4.000E-02 4.000E-02 4.000E-02 4.000E-02 0.000E+00
7 2 1294 1298 1299 1295
4.000E-02 4.000E-02 4.000E-02 4.000E-02 0.000E+00
8 2 1298 1302 1303 1299
4.000E-02 4.000E-02 4.000E-02 4.000E-02 0.000E+00
9 2 1302 1306 1307 1303
4.000E-02 4.000E-02 4.000E-02 4.000E-02 0.000E+00
10 2 1295 1299 1343 1336

4.000E-02 4.000E-02 4.000E-02 4.000E-02 0.000E+00

9991 2 33285 7814 7815 33286
4.000E-02 4.000E-02 4.000E-02 4.000E-02 0.000E+00
9992 2 33287 7815 7816 33288
4.000E-02 4.000E-02 4.000E-02 4.000E-02 0.000E+00
9993 2 33289 7816 7817 33290
4.000E-02 4.000E-02 4.000E-02 4.000E-02 0.000E+00
9994 2 33291 7817 7818 33292
4.000E-02 4.000E-02 4.000E-02 4.000E-02 0.000E+00
9995 2 33293 7818 7819 33294
4.000E-02 4.000E-02 4.000E-02 4.000E-02 0.000E+00
9996 2 33295 7819 7820 33296
4.000E-02 4.000E-02 4.000E-02 4.000E-02 0.000E+00
9997 2 33297 7820 7821 33298
4.000E-02 4.000E-02 4.000E-02 4.000E-02 0.000E+00
9998 2 33299 7821 7822 33300
4.000E-02 4.000E-02 4.000E-02 4.000E-02 0.000E+00
9999 2 33301 7822 7823 33302
4.000E-02 4.000E-02 4.000E-02 4.000E-02 0.000E+00
10000 2 33303 7823 7696 7689
4.000E-02 4.000E-02 4.000E-02 4.000E-02 0.000E+00

A-8

202
227

4347
4354
3585
4371
4374
3586
4372
4375
3587
4373
4376

227
252

5908
5915
5533
5923
5926
5534
5924
5927
5535
5925
5928

232
257

5915
5922
5923
5926
5929
5924
5927
5930
5925
5928
5931

207
232

4354
4361
4371
4374
4377
4372
4375
4378
4373
4376
4379



*---- initial conditions (velocities) ----*
*

*

1 2.323E+03 0.000E+00 0.000E+00
2.323E+03 0.000E+00 0.000E+00
2.323E+03 0.000E+00 0.000E+00
2.323E+03 0.000E+00 0.000E+00
2.323E+03 0.000E+00 0.000E+00
2.323E+03 0.000E+00 0.000E+00
2.323E+03 0.000E+00 0.000E+00
2.323E+03 0.000E+00 0.000E+00
2.323E+03 0.000E+00 0.000E+00
2.

323E+03 0.000E+00 0.000E+00

2
3
4
5
6
7
8
9
10

33293 0.000E+00 0.000E+00 0.000E+00
33294 0.000E+00 0.000E+00 0.000E+00
33295 0.000E+00 0.000E+00 0.000E+00
33296 0.000E+00 0.000E+00 0.000E+00
33297 0.000E+00 0.000E+00 0.000E+00
33298 0.000E+00 0.000E+00 0.000E+00
33299 0.000E+00 0.000E+00 0.000E+00
33300 0.000E+00 0.000E+00 0.000E+00
33301 0.000E+00 0.000E+00 0.000E+00
33302 0.000E+00 0.000E+00 0.000E+00
33303 0.000E+00 0.000E+00 0.000E+00

*---- sliding interface control cards ----*
*

624 6400
1 351 352 357
2 352 353 358
3 353 354 359
4 354 355 360
5 356 357 362
6 357 358 363
7 358 359 364
8 359 360 365
9 361 362 367
10 362 363 368
613 350 900 940
614 900 905 945
615 905 910 950
616 910 915 955
617 915 920 960
618 920 925 965
619 925 930 970
620 930 935 975
621 935 1240 1260

622 1240 1245 1265
623 1245 1250 1270
624 1250 1255 1275

1 5980 6461 8340
2 6461 6462 8342
3 6462 6463 8344
4 6463 6464 8346
5 6464 6465 8348
6 6465 6466 8350
7 6466 6467 8352
8 6467 6468 8354
9 6468 6469 8356
10 6469 6470 8358

356
357
358
359
361
362
363
364
366
367

375
940
945
950
955
960
965
970
975
1260
1265
1270
6589
8341
8343
8345
8347
8349
8351
8353
8355
8357

A-9
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3 0.000E+00 0.000E+00 0.000E+00

0

00.0E+000.0E+00



6390
6391
6392
6393
6394
6395
6396
6397
6398
6399
6400

6241

2.000E-01
2.000E-01
2.000E-01
2.000E-01
2.000E-01
2.000E-01
2.000E-01
2.000E-01
2.000E-01
2.000E-01

2.000E-01
2.000E-01
2.000E-01
2.000E-01
2.000E-01
2.000E-01
2.000E-01
2.000E-01
2.000E-01
2.000E-01
2.000E-01
2.000E-01

33283
33285
33287
33289
33291
33293
33295
33297
33299
33301
33303

7682
33286
33288
33290
33292
33294
33296
33298
33300
33302

7689

8340
8342
8344
8346
8348
8350
8352
8354
8356

33236
33240
33244
33250
33254
33258
33262
33266
33270
33274
33278
33282

7689
7815
7816
7817
7818
7819
7820
7821
7822
7823
7696

8341
8343
8345
8347
8349
8351
8353
8355
8357

33239
33243
33246
33253
33257
33261
33265
33269
33273
33277
33281
33284

33284
7814
7815
7816
7817
7818
7819
7820
7821
7822
7823

8359
8362
8366
8370
8374
8378
8382
8386
8390

33272
33276
33280
33286
33288
33290
33292
33294
33296
33298
33300
33302

A-10

8361
8365
8369
8373
8377
8381
8385
8389
8393

33275
33279
33283
33287
33289
33291
33293
33295
33297
33299
33301
33303
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