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PREFACE

This is the final report under contract number DTRS-57-90-C-00026, “Development of an
AdvancedContainment System” The progam was a Rase | SBIR follow-on b the Fhase |
SBIR progam analytical study conducted under contract number DTRS-57-88-C-001Tf7e
results of thePhase | progam were reportal in theFedera Aviation Administrdaion (FAA) report
number DOT/FAA/CT-89/20, August 1989, “Development of an AdvancednF Blade
Containment Sgtem.”

The reported work is related to a chagroposed to 14 Code ofefferal Reglations (CIR)
Part29 in Octoberof 1989in which rotor burst protection would be required for new desig
rotorcraft. The research reported herein was driventh®/ need to assess technasgwhich
might minimize the adverse impact of sud arule change. The progam was thus focusal on
containmentsystemsfor protection aginst turbine disk failures in small turboshaft iees
operatingprimarily on rotarywing aircratt.

Bruce Fenton at the FAA William J. Hughes Technical Center a the Atlantic City Internationd
Airport, New Jersey wasthe progam technical monitor.Spin pit testingwas conducted at the
spinpit facility at the Naval Air Vdrfare Center in Trenton, Neverdey Simula hc. of Phoenix
AZ, was a major subcontractor for the dasand fabrication of the aramid composite sing
which were tested in this progam.
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EXECUTIVE SUMMARY

The objective of this progam was to eauae the potential benefit of adding ceramic liners to
turbineengne contanment strucures. Military bdlistic progams hae shown th&aceramics an
dter the bdlistic projectile and increase the effective impact area to providesignificant bendfit.
Turbineengne failures gnerate slower movingodd-shaped debrisThis effort added ceramic
linersto metal andcomposte containmentrings to evaliake the energ absorbed as a funoh of
component weilgt.

For metal and composite containment structures, the containerygrarginit weidpt was not
improved byaddingceramic liners.
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1. INTRODUCTION.

The objective of the progam was to determine the potential weigaving of usinga hard
ceramc liner on he nternal diameter of conainment rings for disc burst continment
applications.Figure 1 shows theontainmensystemconcept. Both metalandaramidcomposite
rings with ceramic liners wee investigated. A factor in consideing ceramic-lined mea rings
was their possible use in the hot section of theneng

The useof a ceramic facingvith composite and metal backspas been shown to be more
weight efficient than monolithic composite or mda armor sytems in bdlistic amor
applications. This waght dficiency in amor gplications wa thebasis for investigating the
technoloy applied to disc burst applicationénalytical studies performed under Phasx this
progam, reported in reference 1, indicated that ceramic armstegrag woulde weight efficient

in containingfailed turbine enigne rotor blades.

Ceramic Panels (Boron, Carbide, or
A Alumina) Bonded to Outer Ring
| With Epoxy Adhesive

~" Nylon Spall Shield
J Shown in Local Area
Only for Clarity

\ Metal or Composite

( Containment Ring

Ring Assembly
FIGURE 1. CONTAINMENT SYSTEM CONCER

This progam indudead an andytical effort to design test aticles and aseies of spin pit tests
involving 3-piece disc bursts of T-53 turbine wheels at the Naval Aaputsion Center's
(NAPC) spin pit tst fecility. The bdlistic characteristics for the T-53 whedl burstare defined in
figure 2. Spin pit test procedures and apparatus were as described in reference 2.



Monolithic meta and aramid compositerings wee tested to deermine the minimum weght for
containmenfor the monolithic ring. Then, ceramic-faced risgof the same and hger weidt
were tested to assess the vrtisavingpotential from adding layer of ceramic.

T-53 Turbine Disc Tri-Hub Burst

Burst Speed - 20,000 RPM

Preburst Kinetic Energy - 1,000,000 in-lb.
Blade-Tip Diameter - 13.47 in.

Disk Rim Diameter - 8.4 in.

Disk Rim Width - 1.0 in.

Total Wheel Mass - 10.8 Ib.
Single-Fragment Mass - 3.6 Ib.

Fragment Centroid Radius - 3.239 in. \ 20,000 rpm

(3 Places)

/ = 7000 in/sec.
(3 Places)

Location of Bore Prior
to Tri-Hub Burst

FIGURE 2. DESSGN THREAT FOR THE STUDY

2. BACKGROUND.

Containmentof a disk burstrequires that the containmentssgm prevent perforation of the
containment ringand also absorb the substantial translational kinetic eradrthe large disk
fragmens. The mechansm by which the enery is absorbeds dependenbn he charadristics
of the fragnent and of the containmentstgm. This studywas confinedto ring type structures
intended to fullycontain all disc fragients within the confines dhe engne asopposedo other
containment conceps such as fit panes$ strategicaly locatd to protect paricular areasof an
aircraft.

A.C. Hagg and G.O. Sakey obseved the mechanisms bywhich a dudile meal ring defeats a
rotor discfragment in ther disc burst ontanment testing [3]. The genea desaiption is aso
applicable to ampositerings. The energy of thefragment is dissipged in two sequentia stages.
Noncontainment in the two distinct sesgresults in two different failure modes.



The first stag is the initial inelastic impact of tieagmentwith thering. An amountof enery
is dissip&ed in ompressiveand sher stran in thelocalized region of theimpact of the fragment
on thering. Nonoontanment in this stge results in thepaforation of theringin alocal area. In
metal ring, the disc fragient punches a hole in the ringrryng with it a shear plugs shown in
figure 3. For compositerings, this first stge is dharacterized by tearing and cutting of the fibers
in the local area of impact by the rotaing fragment. Failure in this stge in the compositering
also results in perforation.

Shear Plug

Turbine Disc Fragment

Containment Ring

~
SN

~

FIGURE 3. STAGE 1 FALURE MODE: PERFORATION

If the ring contains n stige 1, hen n siage 2 he renaining fragment enery is disspaked by
inelastic elongtion of the ringand bendings the rings deformedinto a lobedshapedriven by
the numbe of discfragments. Nonmntanment in this stae results from atensile failure of the
ring as shown in figre 4.

Containment
Ring

C Turbine

Disc
Fragment

Turbine—
Disc
Fragment

Preimpact Stage 2 Stage 2
Condition Containment Tensile Failure

FIGURE 4. STAGE 2 CONTANMENT CHARACTERISTICS



Florence §#] descrbes he nechansm by which a cerant conposie arnor system defeas a
high-vdodty bullet type threat. This desaiption is illustraed in figure 5. Thehad ceramic
facing in thearmor system blunts theprojectile and bresks up thehard amor piecing core The
impact forms a fracture conoid of fingbylverizzd ceramic which spreads the momentointhe
impact over the area of the backiagthe basef the conoid allowing a larger volume of that
material to be involved in inelastic absorption of the projeetilery. The backingrespondgo
theimpact in a digphragm-like manna. With fiber backings, energy is ésorbel in ddaminaion
and in straching and breking of thefibers. With dudile meal backings, theenergy is ebsorbe
in inélastic ddormation of thebacking.

Vp o
J Projectile
/ Projectile Fragments Carry
0,
Fracture Conoid - = Away 7% of Energy
(Finely Cracked and Pulverized)
— O L —s
\ T
Ceramic (hc)
: !
Backing Material (hm) 2he dp 2he
f

____________________ .
D —~—

Momentum Transfer to Backing Material
Over Area of Base of Conoid

Deflection of Backing Confined
to Circular Area at Base of
Conoid for Bulk of Motion

FIGURE 5. FIORENCE'SOBSERVATION ON FROJECTILE/ARMOR INTERACTION

3. METAL RING PROGRAM.

3.1 TEST ARTICLE DESIGN METHQOD.

Testarticleswere designed using an integation of the methods of Hggand Sankey3] (H&S
hereafter) on the design of dudile meal contanment rings with theapproach of Horence [4] on
the degin of ceranc arnor systens.

The followingequations from H& modified as discussed below define the containment criteria.

M
Stage 1 Enery AE, =1/2 Mlvf%——lﬁ 1)
(M, +M,)
Stage 1 ntainmentcriteria AE, < AE q 4+ K PT? +\£ 40, 2)



M
Stace 2 Energ AE, =1/2 MV, L E (3)
2 1vY1 M1+M2)

Stage 2 ntainmentcriteria AE, < Qo4& 4)

AE; Stage 1 eneryg

AE, Stage 2 eneryg

M, Disc fragment mass

M, Target mass

V1 Disc fragment translaiond velocity

A Contact area of disc fragent on ring
T Ring thickness

€ Shear plugcompression strain

& Average tensile stran in Q

loff Dynamic flow stress
Empirical coefficient (Kty = 0.2704 from H&S)

Tq Dynamic shear stress

P Shear plugerimeter

Vv Volume of ceramic fracture conoid

€0 Equivalent ceramic strain

Ot Equivalent ceramic plastic flow stress
h Disc fragment rim width

tc Ceramic thickness

Arc  Disc fragnentarc kength conticing ring

a Plastic hinge length

Kk Radius of gration about plastic hirgy

L Ring width

Q Active volume subjected to tensile strain
Pc Ceramic density

Pm Metal ringdensity

H&S’s stage 1 containment prediction is based on a calculation of the gruksgipated in the
initial impact compaed to theenegy required to peforate the ring. The perforation energy

involves the inelastic compression of a shear @lnd the eneggto shearthe plug out of the

ring. The chalenge in this study was b incorpora¢ the effectof the cerant into these eneng

calculations.

Several effecs noed by Florence werencorporagd nto the H&S calculations basedon a
hypothesis that a fracture conoid similar to that observed in boifeictwould be formedin a
turbine disc impactwith a ceramic-facedluctile metal ring Figure 6 shows the assumed disc
impact mechanicsThe dimensions of the ceramic fracture conoid were taken from reference 4.



The first adjustment made to the B&rediction method was to add the masthe conoidto
thetarget mass, Mb. Fromequaion 1, t canbe seenthatthis tendsto increase¢he enery, AE;, in
equation 1.

A Metal Ring

YeM22

g At e

C G Effect of ceramic on terms in
* equations 1, 2, 3, and 4

l A= Arch (h +4t;)

e ————T P=2 (Arc +h +4t;)

V=Arct.(h+2)

. M21 Q= Arc T (h + 4t; + 2a) [for long cylinder]
' g 7 Mz = Ma1 + Ma> (eff),
V1 [ <" ,
t M1 h h+atc k
i M. ff)=Mn o i
Disc ’ (M2 (eff) = M2z a2 , long cylinder only)
Fragment 4 Mz1 =V pc+ Arc T(h + 4tc) pm
te —e -
Ceramic ‘ ®
Fracture
Conoid

- Plastic Hinge

FIGURE 6. INCORPORATION OF EFFECT OF CERAME INTO METHOD OF
HAGG AND SANKEY

As for armor sgtems, the ceramic conoid waegted to spreatthe discimpactmomentumnto a
larger area ofhie ring than woutl be eyerienced wih directimpactof the disc fragmenton the
ring. The second adjustment on the B&rediction method was to incorporate the momentum
spreadng effectby adusing the ske of the shearmlug to equalthe areaat the baseof thefracture
conoid. Increasinghe area of the shear plugreases the compressive apéthe sheamplug, A,

and theshexr peaimeter, P, in @udion 2, thus inteasing the energy absorptioncapability of the
ring.

Since the H& method is eneygbased, a third adjustment made to theSH#&edictionmethod
wasto estimateandadd in the enesginvolved in the initial impact with the ceramic in which the
fracture conoid is formedThis energ is analogus to and additive tthe compressivesnery
involved in inelastic compression of the shear plilgvas estimated as described below.



The literaturesearchof armordata did not reveal anyethod for predictinghe energ involved

in the formation of the fracture conoid-lorence’s description of the ceramic time fracture
conoid as veryinely pulverizd led to a hgothesis that the engrgnvolved is proportional to the
volumeof thefracture conoid.This is similar to the eneygabsorption of ductile materials where
the enery involved in plastic deformation, the inte under the stress strain curve, is
proportional to the volume of strained materi@pplying this hypothesisto ceramicsrequires
the estimation of en equivaent plastic flow stress ad stran, as disaussel bdow.

Test data reported in reference 4 showed that a 0.34-in.-thick ceramic paneDvBhira-thick
armor backing experienceda 0.272-cubic in. fracture conoid when impactedab$0 caliber
bullet with 2780ft-Ib of enery. Florence observed that in the initial impact the nose of the
projectileshatteredwith the piecescarrying awayapproxmately 7% of the projectile eneyg To
developa desig method, it was assumed that for the particular 2780 ft-Ib bullet test described
abovethe enery involved in formingthe fracture conoid was equal to the 7% of projectile
enery carried awayby the shatering of the bulet nose. Using the flexural stengh of ceranc
asthe equivalentplasticflow stress, an equivalent strain can be calculatedvi® @an equivalent
stran energy equd to 7% of theprojectile energy. The flexurd strength was chosen basal on
Florence’'s desaiption of fractures in the ceramic bang the result of tensile stresses tha follow

the compressive stress wave front which is armaledo a flexral situation.

For stage 2, Q in equation 4 is adjusted dependimgwhether the containment rimgts as a
short cyinder or longcylinder. A long cylinder is characterexd ashavinga lengh greaterthan
the width of the disc fragment plus sixtimes thering thickness ad vice versa for the short
cylinder. For shortcylinders, the entire rings considered active volumeFor long cylinders,
only a localized regon aroundthe impactarea is considered activelhis volume has a width
equd to thewidth of thediscfragment plus thre times thering thickness, alength equd to the
arc lengh of the disc fragnent, and a thickness equal to the ringkness.

Since the ceramic layis not thoudt to contribute in anyay to the stag 2energy absorption,

all stagg 2 energ was accounted for in the metal rimgformation. The only adjustment
associatedvith the ceramic was to use the width of the fracture conoid as the width of the disc
fragment in clculating Q for longcylinders.

3.2 TEST ARTICLE DESIGN RESULTS.

Thebasicring configurationof figure 1 was selected eailythe progam based on its simplicity
and ease of fabrication while answeriihg basic question @he potentialbenefitof a layer of
ceramic on a netal ring. Boron carbile was selced as lhe cerant of choce due @ its low
densityand success in armor applicatioriBwo design parametersvere left to be selectedthe
ring geomdry (diameter and length) and themea ring maerial.

For agiven ring geomdry and maderial, the minimum méal thickness wa alculated to prelict
containmentwithout ceramic and with aiven ceramic thicknesskEach set of calculations was
madeassumingeither short- or longylinder behavior with it bein@ post run judgent which
assumption, short or longras most applicable.



The following material propeties were usal for thetest aticle design. The following design
properties were derived from FHk

0g= 1.25x maerial ultimate tensile strength
& = 0.25x mderial stran a tensilefailure
€=0.7¢

Kty = 0.2by

The followingproperties were used for boron carbide ceramic.

&=17%
o = 50 ksi

Preliminaryparametricanalyseswere conducted in which three metal rimgterials were looked
at, Inconel 625, Titanium 6Al4V, and a gneric 300 series stainless steelwo geometric
parametersvereinvesticated,ring lenghsof 2, 3, 4, and 5 inches and ridgameters of 16 and
24 inches.

Several gneral results were notedlhe ceramic lagr was shown tmffer a weight benefitwith
boththe Inconel625 andthe generic 300 series stainless steel but not with the titani8horter
rings were shownto be lighter than lon@r rings and the ceramic showed increasimgight
bendfit with increasing ring length.

The 16-inchring diametemwasselecteasedn its consistencyith anextensiveprogamatthe
Federal Aviation Administration (RA) and NAPC involvingl5-inch ring of various materials
and aso the andytical result showingthe smdler the ring diameter the lower the totd weight.
The 16-inch diameter dlows room for theceramic layer within thering. The predicted weght
bendit of the ceramic increased with thelength of thering. This, combined with a desireto have
as low a total weigt ring as possible, sggsted selection of the shortest rimdpich showeda
substantiapredictedweight benefit. Thus, the 4.0-inch rintengh was selectedThe analyical
prediction did not show iy weight bendfit of ceramic with titanium so it wa diminated. A
weight benefitwaspredictedfor Inconel 625 and theegeric 300 series stainless ste&éhe 300
seriesstainlesssteel was selected based on cosigure 7 shows the predicted 300 series
stainlesssteel ring thickness and welg as a function of the ceramic thicknes3able 1
summaizes these results.

Cres 321 stainless steel was selected as the spectfimaterialbasedon its combinationof
relatively high strengh and hidp ductility amongt the 300 seriesstainlesssteels. Flash butt
welded ringconstruction per AMS 7490 was selected based on the abilitsgve god strenth
and dudility in theweld area. All rings wee solution hest treated and subjected to a complee
xray. Test properties for the parent material were 78,900 psi tensile thtrei 52.9%
elongation and 74,000 psi tensile strémgyith 37.1% elongtion for the weld area.

The boron carbideceramic tiles were bonded to the metal nmigh an epox. A nylon spall
shield was wrapped over the tiles and bonded in place with a contact adhesive.



Cres 300 Series SS 16.0-inch Ring Diameter

0.5 50
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FIGURE 7. PREDICTED DESGN CHARACTERKTICS
TABLE 1. DESIGN RESU.TS SWIMMARY
Ring Ceramic Total Weight
Length Thickness | Thickness Weight Benefit
300 Series Stainless 3.0 0.457 0.0 19.85 0.01b
Steel Shel _ 4.0 0.408 0.0 23.55
(Long Cylinder Behavior 0.319 0.25 22.77 0.81b
16.0in. Diameter) 5.0 0.409 0.0 29.52
0.35 28.42 1.11b

3.3 TEST RESULOS.

Table 2 summares the test resultsSix tests were run over a period of 7 montidl the tests
were considered valid tests with all burst speeds within 6% of thet taugst speedof 19,843
rpm and dl impacts beng well centered on thecontanment rings.

Four monolithic metal contanment rings and two @&ramic-lined meal contanment rings weae
testad. Three of themonolithicrings and oneof the ceramic-lined rings resulted in contanment.
One of the monolithic rirggand one of the ceramic-lined ringesulted in noncontainment.




Substantialocal tearingand scuffingon the inner diameter of the rsgvas noted on both the
monolithic and ceramic-lined rings. The local tearing and sauffing on the ceramic-lined rings
was noticeablyess than on the monolithic rieg

TABLE 2. TEST RESUOS SUMMARY

Total Burst
Ring* Ring | Metal Burst Energy
Ted | Thickness | Ceramic®| Weight | Weight | Ceramic?| Speed (BE) E/W E/Wm Failure
Date (in) (in) W (b) | (Wm) | Weight (rpm) (in-1b) (in-1b/lb) | (in-Ib/Ib) Result Mode
08/09/91| 0.450 0.00 26.00 26.00 0 20,280 | 956,733 36,797 36,797 Containel O
08/20/91| 0.378 0.00 21.75 21.75 0 20,150 | 944,506 43,425 43,425 Contained 0
08/23/91| 0.307 0.00 17.75 17.75 0 19,600 | 893,649 50,346 50,346 Uncontaingl | Tensile
03/02/92 | 0.343 0.00 20.25 20.25 0 20,692 | 996,001 49,185 49,185 Containel O
03/05/92 | 0.288 0.275 | 21.62 16.08 5.54 20,240 | 952,962 44,078 59,264 Contained 0
03/11/92| 0.251 0.275 | 19.84 14.28 5.56 | 21,100 | 1,035,666 | 52,439 72,526 Uncontaingl | Tensile
1. Toleranceband 0.269.285 in
2. Includes ceramic tile, epoxy, nylon spall shield
3. Allrings had an intmal dianmeter of 15.5045.56 in. vith a length of 3.974.03 in.

All the rings showel a substatial local ddormation in the disc impect area.  The local
deformation was vey similar from ringto ringwith test numbe 6 showing themostsevere local
deformation. No significant difference was noted in the shape deeiof thelocal deformation
between theceramic-lined and monolithicrings.

Both rings which did not contain failed in tension, the $t&gfailure mode of H&. In both
casegshefailurelocatonwasin thedisc mpactarea wherehte local deformation asso@ted wih
the discimpact was alditive to theoveal bending ddormation assocated with thering beng
deformed nto a tree-bbed shape.

The ceramic tiles were pulveed into a larg numberof relatively small pieceswith the largest
beingroudhly 1/2" on a side.Only very small pieceof ceramicremainedbondedto the metal
ring. Inthe hidr-speed photagphs, it was observed that a small quarditylust was formed
when theturbinebladetips mntacted theceramic tiles ontheinner diameter of thering. A smal
dust cloud was formed obscurinige tips of the bladesThis dust cloud gw as thempact
process proceeded, ultimat@lgscuringmost of the turbine disc pieces and the containment ring

3.4 DISCUSSON.

Four tests were keyin reachng conclusions concermg the obgctve of he research progm
tests 3 ad 4 of themonolithicrings and tests 5 ad 6 of theceramic-lined rings.

From tests 3 and 4, it was determined that the threshold contaimmaght for the T-53 turbine
disc burst is 20 Ibs. This is baed on both tsets having similar energy-to-weaght ratios, test 3
failing to contain at a little over 50,000 in-Ib/lb and test 4 contaiaing littleunder50,000in-
Ib/Ib.
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Test 5 of the cerant-lined rng showed a coainment at an energ-to-weight rato of
44,078in-Ib/Ib and a total weight of 21.62Ib while test 6 showed a failure to contain at an
energ-to-weight ratio of 52,439in-Ib/Ib with a total weigpt of 19.84 Ib. The 52,439 in-lb/Ib is
less than 5% above the threshold epgogweight ratio for the monolithic ring

Basedon theseresuts, no meanngful weight beneft can be egeced fromthe cerart lining of
metal rings with simila configuraion and mderials to thosdested in this progam.

While ceramic-basedystemshave proven themselves in armor applications, it is apparent that
there are substantialdifferences in the disc burst containment application which beayhe
reasorthata meanindul weight benefit was not foundFrom the hidp-speed photogphs, it can

be seen hat the urbine blhdes beign the process of brealy up the cerant before he hgh-
momentum disc pieces reach the rinhe benefit otthe ceramicis predicatedon its ability to
spreadthe impactmomentum over a larger areaof the ring than woutl be he case wh a drect
impact on thering. With the ceramic dready broken up at the time of disc impact, this
momentum spreading effect is greatly reduced or diminated. This lack of momertum spreding

is genedly confirmed by the sizeand shae of theloca deormation in the impact area being
essentiallythe same with and without the ceramic.

4. COMPOSTE RING PROGRAM.

Compositesare most often not hard enoudp to perform well as monolithic containment ring
materials. Compared to conventional containment ringaterials, like steehnd titanium,
composits have little or no ability to blunt theedges of fragments whid impact them. The
resultingfragments can have very shap edges whid easily cut thecompositefibers, siquificantly
redudng thdr contanment capability. Prior research has shown thtausing aliner of a hade
material can mprove he efficiency of the conposte containment rings. The purposeof this
progamwas b evalai the perfornance of ceraig liners for cormposte conainmentrings.

4.1 RING DESIGN AND CONSTRUCTON.

A basdine (threshold cntanment) monolithiccompositecontanment ring was developed from
existing daa and expeimentd results. This ring wa useal as a reference for compaison with
ceramic-composite rirgg All rings fabricated under this pnam were 4 in. wide.

A total of nine rings were fabricated for this pragm as shown in table 3All rings used aramid
fibers and a modified epoxy resin for the composite part of the rieg Aramid fibers were
selectebecaus®f their lightweight, thermal stabilityand postimpact intedgy. The epoy resin
was sdected for its compaibility with the aramid and its flexibility in proessing The ceramic
sekckedfor the hard face orhe rings was boron carbe (B4Q. This material was setcied for
its low densityand hidy hardness and tohigess.
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TABLE 3. CONSTRUCTION AND DESGN OF COMBROSTE AND CERAMIC-
COMPOSTE CONTAINMENT RINGS

Weight | Number of | Area Densty

Ring No. (Ib) Plies (Ib/ft?) Comments

1 9.70 18 6.494 Baseline configration

2 9.34 ~19 6.225 Lower fiber ande, stitched dowmiddle

3 11.0 2224 7.173 Stretched on andrel, low fiber anke

4 217 38 13.343 Tape_red _Iayup,_ low fiber antg, sone
bucKing in lamnate due to cure process

5 16.04 32 10.338 Tapered layup, low fiber antg

6 13.29 28 8.682 Very good ring tapered layup, low fiber
ande

7 12.08 26 7.958 Low fiber ande, fairly consistent ring

Thinnest ringfabricated, rade ower a core to
account for cerai liner, very consistent
7C 5.68/6.90* 11 3.950/4.26* thickness, used ~0.5 Ib of taugned epoxy
to bond tiles on, tile wdth was ~2.5 inches,
height was ~4.0 inches

8 11.31 22 7.557 Low fiber ande, sone fiber wash
NAPC 1 32 73 10.844 Aramid/phenolic ring unknown construction
NAPC 25| 22.50 54 7.819 Aramid/phenolic ring unknown construction

*weight or areal densitgf conposite/ceraric

The constructionof therings was optimied in an iterative fashionAfter each ringwas tested,
the resdue was carefly examned b detrmine he falure node. The specfic enery
absorption was calculated and compared to the other t®asedon the findings, the nex ring
was fabricated with @ther moreor less maerial to a@tempt to optimizethe weight for thedesign
impactenergy.

For the ceramic-compositering, the design (speificaly the ceramic-to-compositeraio) was
sdected basal on bdlistic testing of amor sanples and avallability of material. From bdlistic
testing it wasfoundthatceramic that was too thin (less than 0.15 inch) would not perform well
in anarmorsystemand that ceramic that was too thick (over 0.50 inch) wouldwig much

for the benefitit provided. The ceramic thickness selected for use in the containment ring
was0.30inch. This wasthe thinnest available material that was over 0.15 inch thicleally,

the ceramiccould have been thinner, which would have provided admnigveidit fraction of
compositebacking but the epense to obtain such material was found to be prohibitive
consideringhe scope of the pragm. For this reason, the performance of the ceramic-composite
ring cannot be considered to be optimized.

4.2 TEST RESUIOS AND ANALYSIS.

Theresults obtened from thespin pit testing are shown in tale 4. Thefifth column,the speific
enery absorption, normales the impact eneygoy the areal densitpf each ringtest. The
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specfic energ absorpiton is a neasure ofhe effciencyfor that paricular ring desgn. Areal
density was selected for normadiion because it eliminatessametrical effects. Since the
objective of this progam was to evaluae maerials or onstrutions rdher than geomdry, this
methodallows direct comparison of materials astjess of the gpmetryin which theywere
testad. This was paticularly important in compaing the previously tested rings with thoseested
under this progam.

TABLE 4. TEST CONDITIONSAND RESULTS FOR CERAMC-COMROSTE
CONTAINMENT RINGS

Specifc
Areal Impact Energy
Ring Weight Dersity Energy Absarption | Contained?
No. (Ib) (Ibfft) (in-1b) (in-Ib/Ib/ft?) (Y/N) Commaents
1 9.70 6.494 1,025,000 157,838 N
No outer ply failure, material
2 .34 .22 1 176,54 N .
93 6.225 099,000 6,546 twistedout of the way
Marginal failure, good ensile
3 11.0 7.173 977,000 136,205 N performance in ouer plies
4 21.7 13.343 | 1,167,000 | 87,461 Y No perforation, delamination
throughaut
5 16.04 10.338 1,060,000 102,534 Y
6 13.29 8.682 1,160,000 133,610 Y Very good cotainment
7 12.08 7.958 963,052 | 121,016 N Posible perbraion, no
significan tersile failure
7C 5.686.90 | 3.9504.26* 929,936* 113,268 N Tersile failure in corposte
8 11.31 7.557 N/A N/A N/A Ring not tested
NAPC1 32.00 10.844 968,000 89,265 Y
NAPC25| 22.50 7.819 978,000 125,079 N Partiia cortainment
*weight or areal desity of conposte/ceranc

Two rings testedpreviouslyat NAPC are shownat the end of the table NAPC 1 andNAPC 25
are the most efficient aramid-reinforcedstgms previouslyested. Thoudh NAPC 25 did not
fully confain the roor burst it was sai to be veryclose b the criical value for rng efficiency
(i.e., maximum speific energy absorption). The othe daa columns gve absolutevaues for
weight, areal densityand impact eneyg The areal density has beencalculatedfrom known
thickness and material densiyalues and was used asarmalizd value for weight. This
eliminated any differences in specific energy absorption whid might arise from differences in
geometry

The podtest condiion of each ng was used as aage to assesshe pe of failure which
occurred. The first ringfabricated, Ringl, was a vengtiff ring which failed in a combined
flexure/tension mode.

This indicated that the second ringeded to be less stiff to avoid the tlead failure mode.
Thus, its overall weigt is less, but the actual amount of fiber present isdnigin the test, the
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seconding twistedout of the path of the disk segnt; thus, not absorbirg significant amount
of the mpactenery.

The third ring was constru¢ed with more plies of maerial to providea higher oveall tensile
strengh. Thisring failedin pure tension which is the desirable failure mod@aoud the failure
appearedery marginal (almost contined), he fourh ring was fabrcated sgnificanty heaver to
ensurecontainment.Rings 4 and 5 both contained the rotor burst without perforations or tensile
failure in theoute plies.

The resilue fromRing 6 showed a near-perfeabnainment with the ouer few byers renaining
unbroken and the rotor segnts lodgd in the ring The residue from Rin@ showeda very
different type of failure from the other risg There were several laggerforations of the ringt
the pointscorrespondindo the impact sites of the rotor segnts. The outer plies did not fail in
tension as thelad with Ring 3 and 6.

Ring 7C showal similar paformance to Ring 7, except tha the peforations wee somevha
larger and thee was substatial ceramic residuein the peforations.

Table 5 lists the best performingngs from both sources.The highest passingRing 3) and
lowest faling (Ring NAPC 1) (in tems of speific energy absorption)rings are listed. From
these two data points an approgate value forthe thresholdspecificenery absorptioncanbe
calculated.This is done byakingthe averag of these two values, as was done in the calculation
of the V50 Protection Ballistic Limit for aimor systans. From this, it @n be seen tha the
avera@ spedic energ absorpton for he rngs fabrcaed by Smula is sone 25 percenthigher

than tha for the rings tested previously. Furthe testing is required to veify this numbe It
shouldbe noted that Ring has a specific engrgabsorption value lower than this calculated
threshold value but failed to contain the diskhe same can be said for RiA@ in table 4, a
ceramc-faced corposte ring.

One possible glanation for the failure of Ring to contain thelisk is thatthe overallthickness
of thering was so low. It is possibletha the numbe of secrificial layers, or thosethat are simply
cut by the sharp fragents, is too hig. Each of therings which containedits rotor bursthad
from 16 to 20 lgers throudp which the fragments ait bdore the tensile layers contaned the
enery of the now blinted fragnent Because oftte Ightweight of Ring 7, the ptal number of
sarificial layers is roudly equivdent to thetotd numbe of layers in thering. Thus,there are
few or no lagrs remainingo contain the fragents. This hypothesis isupportedy thefact that
thereare severasmall (1 in®) perforatons on he ouer surface oftte rng and no ewdence of
tensilefailure in theplies.

For Ring 7C, which had a ceramc hard face @ blunt the ncoming fragmentss, there was not
enoudn compositeremainingat the given weidt (12.5 Ib in this case) to absorb the impact
enegy. There was prealominant fiber cutting and peforation raher than tensilefailure. As noted
above, this ringused a thicker ceramic than desired that resutemlow fiber weight. This
suggests tha furthe optimizaion of ceramic and cmpositethickness may yield a minor net
weight improvement.
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TABLE 5. THRESHOLD PERFORMANCE COMMRARISON

Specifc Normalized
Erergy Specifc
Absorbed Erergy Contained?
Ring No. (inlb/lb/ft?) | Absorbed (YIN) Comments
6 133,610 1.0 Y Simula's beg corstruction
average 134,907 1.0097 Average of high pasing ard faling
3 136,205 1.019 N Lowed failing corstruction
7 121,016 0.9057 N
average 127,313 0.9529 - Average of Rings 6 ard 7, Rng 7 may not
be a \did teq becage perforationby small
fragments may have caused witness shet
perforation ard a false failing resut
NAPC1 89,265 0.668 Y Bed performing ring from previous tests
average 107,172 0.8021 Average of high pasing ard lowfailing ring
values
NAPC 25 125,079 0.936 N Lowed failing ring from prevous teds

4.3 DISCUSSON.

Based on the test results shown above, thesrdegiged and fabricated yimulashowa slight
improvenent in critical specfic energ absorpton over hose mgs fabrcaed and tested
previously by NAPC. Using the highest passing and lowest faling ring speific energy
absorption values, this improvement is between 15.8 and 20.6 percent.

5. CONCLUSION.

Theinclusion or addtion of ceranic hardfaces,at the rebtive ratos usedn these ¢sts, does not
seem to improve the containment properties of thesring
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