
FATIGUE OF IMPACFDAMAGED
CARBON FIBRE COMPOSITES

by G. Glaft and T.J. van Blaricum
Presented at the XXI OSTIV Congress, wiener'Neusladi, Auslria (1989)

SUNITIARY

Th. lcnsiLivity ol carbonand glass fibre compositeaircrait
mlterials to lowlclcl iorpact damage leads to some concenr
about possiblc long-tcrm degradation of these materials b
fati!ue. l'articularly undcrconrpressive loading. As for metrls.
drc tc\riDg ol thcse miterials must be calried out under rerlist;c
LClr Dr llrphr lolJrnr. Jr d lo cui't'^rre'..n hr'.ring .'r,

plicaled by rhe hcl that these materiNls displ.iy good hligLre

ta0

frofcrtics combined wilh a hi:her levcl ol scrltcr lhar lirr
mctrls. Thc duralion ot'fatigue tesls can bc I Uch greater th:r n

irnrctals. and the lesling tech n iquc, .ons iderxb lr_ rlrore com

I e' -.r. h rl-f '..Lr"rcrJ..nctr.\'rln.,l\ ",'t'r..i.r
loading. This papcr inlesl igates the cilacts ol u siog r nrinl!iled
loa.ling spcctru loaccelerate frligue tcni golc utr tibr.
composiLc la rinates, exaDrines thcgru$th rtlcs ol re!Lisri. im
prct danage in iests which rcprcsenl ilight bt ilight lotding
ofun rircraft w ing. and discusscs b rieilv n'n. .l thc pn)blc rs

...o.k,d$'.hL,rrfr,*.i{ Illrc, e IFJ r" r.",f,-i,.
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l. lntroduction

I hc usc of glas\ r,rd carbon 1ibrc composiLcs ir aillrrti
pri.rxry structure (rnapplicrtbll shich was pionc.red br drc
dcsisncrs ofrlrss frb.e saiiplr cs itr Gcnnrnl) has L.crcllscd
trpidll iD rcccnt lears because these matcrirl\ oii.r slrcngrh
lo \cightrrLios whi.h xre subslantirlly bellcrlhrD lar nrctrls
OIrc rcrrlt olthis has I'ccn rn increased interesl inlhedural'ilir\
rnd drn[gc tnerancc oi.onr])site materials.

O1 lpcrirlconccrn is brrcl,," !isihle iflpact darnrgc (IIVID)
rcsulLing fiom ! k)w cnc[y irnpact (lypical]y 31020/) !s mirht
bc causcd bl t(r)ldR)p\ or |un$ly stones, in mililxrr rnd ci\ il
, r.'|. .'r .l r r l . rJl.r t J, lr ! nl! r! or rr. n.p ll.,1 I

$he.e.omposilc glidcr stnrcturcs !re concemed. SLr(h irn
Ircrs froduce xrlcnl.ll danugc (irLcr fh dclaminalions.tnd
tly.ncking). leavrng llrllc cvidcucc oldam.ucon lhe inrprcted
surlicc BVID hrs lilileetliclon lensilc nrcngth. rhhough.onl
prcssi\c strcnrrh can be |educed considcrably by thc initirl
inrtacLi BVll).oukl, therelbre. leitd 11] i nrelirtc stnrctuml
liilurc n vcry highl,"" slre!\ed components. arclrhc po\sibility
01 lailurc rs x rcsulr otdamage growth during litisuc lording
nrnals)bcconsidcrcd. l'his irpa(icLrlady nrportant lbr$ing
upper surlaccs. which dc cspccirlly pr)ne to danuge and ilso
e\perlencccol]rpr.ssi!c IlighL loads. Mo i!tu re absorptron (l)
ls allo kno\ln lo dcgtude tbc mc.hrni.al properties of

Thc cliccl ol caliscd sirglc dchnrirrrnon on strlic
.ornprc\\i(m nrcrclb hrs bccn rhc $rt,ic(L ()l Lh(( )rclicrl r orl
(c.g. rcli. 2 6) and r nullrbcrol.\pcrinr!'rtll \lull(\ (..s. rcti.
2. 71. nd is no$ irrl! $cll (' lcNrol)d. H,N.\.i. rhc bchr\ i(,ur

u'rdcr load of rhe ronrtlc\,ri\ru.e ol dchf rinrrrD\rnd r rl
ing $hich r.$rlls lionr r.rl irrf!.t rl|nr!!. hr\ h..r l.ss
c\ten!ivel! sludicd f.xrnrtl.s !rc rcls I l(ll

Figure I ;s r s.h.n rir rctr.s.nrti(nr ol lh. $rN Ihll i.rl-rr.1
drmrgc rcduccs rhc static rnLl lhtiiuc \tlcrgllN ('j Cl:al conr

t',r L,rlr.,.. \ '..r ..,r i. ir '..,1 .. .

trrssivc strcngth dccrcrse\. rl lir\l rrlridlt rrf rhcr rnorc
slowl), lowrrds a lalut ol appnJ\r lLd\ hail lhr u Jrnag&l
srrc.glb(11 13).Al(ftri|skrsslhrnlhi! slrlL.rhr.nhLd lrlue.
irrrcdialc mric hilurc $ rll nol ocrur. Ho$clc.. r" nu\ r Lf

L!ur.... '..'F.,' '! ,.1..,.l li r l,-.. .,r

f(xluce r'ailure fun BV11) rt si8niliclnrl) lL)$.r nrrins (ll.
ll)t r "tirtigtrerhrcshold. bc|^\ \rhich rn.\\cnLirll\ inlhitc
irrigue lifc is obtaincd, cxists at atpn)\irDrt.l\ 60tl oj rhc
''stlrl ic th rcsln)ld rnd rcprcson ts tlrc l(^\ cr b(rrL{rr\ olxn(rs
)et lrorlt dclincd) tutigu. lirilurc rcgirnc.

l:igurc I rls)sho$s lhc $.rt rron!cnli(n[]S \.ef^\entr
Lion ol liitiguc pc.fbrmxnce r!.tss,rcraled r!irh rrr' trri.ular
casc ol BVID; lor shon lirigue li!es. perk lltiguc slrcssc\
approachrng the staric threshokl !rc n.ccsslry, \!hil. li)r
stresses near the latigue rhrclhold 1i!cs ol l0r'l() l01c-!clc\
are obtrired. wherher or nor rn-," tlrti.ulrr cunrtlc o1 BVII)

...rfllN

' 
, 'iiiliiiil""'o,ti9{*1"f^i$?'!""',n

+a€,2
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Flgure:1. Schcn tic fepresenlrli(rrol rhccliiclof incrcasing sizcrt'
BVIDon rirc (.omprrssi\r) natic rnd frtiSue prcpefiics o1 C 1:(l
laminitcs. brscd on dlt frulr rcls (18) lnd (21) rnd orhcr\.
The "sLltic l-rilutu rerinr e ird icalc\ coDdiLions wh ich tr!d uce
irmrddirtc strtic irilure- thc lirliguc rc3imc markcd dx)ss
the rlrnge of pcrk fuLiluc strain! which $ill tr)duce tirL!uc
iailure andthe right hand ligurc sh.\rs the S N bchayn rrl
ptupriatc k) erch speciiic sizc ol jnrlLd daD ge.
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is { potcntirl tatigue problem ma} bc dctcrmincd liom thc
htiguc thrcshold stftin fo| thai panicular hmiDalc rnd spcc

rrumi il thc !ircrafl operares at peak strains rbolc Lhc l-ltigue
rhreshokl. knorvl.dgc oilhc S N behaln)ur in ligurc L or
' 1nrJ.e!1Jr' .- i. r'.lJ.r..l rJf r'r'ar< r,'.rpti1 fr,'.
litrgue liic in th. conrponcnl.

l'. \:'' ,\1.."Lp.(1.- he L,r.:J r.-:I,
oiFigure I h.ri rc..i\,id (nll li itcd atlention. pafi.uhrl)
ibrthe crs! alrcrlistic rira.rll spcctrun loaitins.'lhis is (iuc

|,prr ..Ii! ,"i.\Ir"., .r'.* 'rr.r "lI'r"Irrore \.,r.l. .,r,pi.. '.c 'd. JIJ r. \' r 1 rlrl or t...,
nor ally sho\t .rrre scrticr in mcchanical prope(ies lhln
trrcLak. an,l hence requirc gr.atcr n rbcrs of lesls. Thi! is

cMcerbrted br' rhe nce(lto r()id high tcn lrequencies rc limit
hdrling s4rich Dright d.grrdc Lhc rc\in propenies. A fttr$ct
complc rng licrcr $as suggcstcclby llearh Smith (l:l). who
oblcrvcd that litiguc drnr ge accun lrtn)n al high torlds in
thc \pccrrurr mny occur more np;dh thanrt the lower lurrds

1l conlirlncd. this obseNation is ol dircct i ter$l in relrtion
r(r riturrli opcratine condition\. rndali) bccausc il raises lhc
po\\ibilit) Lhat simplydelelingthc "hwdamrge loailsmighr
l..id todramrLic rcduction! in teltiDg timc. $,ithoul signiil(utlI
rliecling componc l laiigue behN iou r. l hc bcnclns of \L'ch
reduclioD wotr1d bc cspecially !alurblc in cxp.nsive r nd co nr

plex terts on lrrgc cornponents. or cntirc rircnit.
The ainr ol rircrali s{rucrural testing undcr rcalislic tlilht

b) flight lording i! to terib, rre design proccclurcs L'sed,rid
ro identift tatiguc crilical area:;. Fl)r mi\cd mclil/conrposii\:
nruchrfes- howcvcr. delelopment of r tcsL $,hich adcqLrltely
, ,! I r,re\ n r\ r\\ r.r(u Jro 'hJ.. r ,t * Iciwrnt. er'r. i

dLtlicult: conrposires tend to display llallcr latrgue S N
behaliour thr retals. ,rnd furthcnnon:. lhe rapid ftrtigu.
drmlrgc rccurru htion Ieporcd ftn conrposiles it high itrcsscs
(c.f. at kN strcsscs in oreuls) makcs lny co parjsonofnretrl
rnd compsitcs lirigLre pedornr.rnce difficult.

onc lpprorch which shows s(nnc pnnisc ruft.r r'. ot thc
diilircnt Irtigue d:rnr ge accunmlation scnsitivilies ofnlct!ls
and composncs. as discuslcd abovc. II rhe low loads {hich
:: ,,r...Jr,9I!.rrnL' JU{lrrr...l,r'ic( r" 1l ' ir.

. tcr irl. it shoukl be polsible to dc\clop a compronrisc lord
spectrunr which produces similrr tuLcs ol daorage accun l^
rioDin borh rrclals and co nu)sitcs, thusa\ordirgthe prnrlcm
ol prcn[turc liilure of nretal conrpoDcrtls.

lhc\orkdcscflbed in thistapcr is prrl ofa l.rrgerpr)grdn
$hich has the aiDr of inrprolirg oLrr understrDding ol lhc
drrnrgc ldeftrnce of!ir.raft CFC components. I hc rspc.ls
inlcstigalcd berc arel

r,r$h.'1..r'rn^lIITrLlaar'-!c rrJn:rrc ll( IL Irr "L'l
J rl ; '\ ., 'd r (., irr I :lr_l'\ flrr'rr 'J'inr'' I"lIrc
char.rctcrislics ol an) growth:

(ii) whetlrcrit i!possiblc to co nducl ac.cler ted latigLrett\ls

bv deleting low l(rds frrnn rlre spcctrum. without afii'tiug
specnnen lrtigue lile:

(iii) the€llccts oftcst fixturc design on the pcrlbrmnncc ot

composne .oupons under coDrpression loadingi

( i!) lhe cltect ol omitt g a Post 'ure 
hcat trcNlmenl on the

tuigue l)crlbnnrnce ol a carbon fibre composire hminate'

2. Erptri'nenlal
2.1 Test Sp€cimens

Thc rhrcc prncl\ (fc\ignarcd FG. Fll xIlJ frlt u\cd lor (cn

\pcci cns scrc rrrn!1i'.1urcd rl :\RL lri ail)tr Cfigl
x,\S 9lr1c c.rrbon lrbre prir nnpl(gnrr&l \i,ecr. A 54, th l$
, ' llf l' o '(t r. . '..'r. , r l,
w.ts used. Ihe nunL'tu(rurers r'r1r.nr.r(!.(lir,.c.)( L. n.\
used. panels FH Urd Fl ri*i bc,ng !r\.'i r ir\L .r1,. i(.Lr
trcalm.nl Eighteen coup(ns. llrrr )i l0rrfrri $ir...rn tn)rf
.ach parrel. drc knrg a\i! ol rlie ., 1)r\ hcl.! rl('U.1.!:.r
Ilbrc clirc(liolr. Th.r nul.fiirl\ sr:rric !oIfrcs\1..r n:,. J]!1rlr \i '
.*ri ,..'r.Jlr'{, r,.':p. r., 'rt '. l, ..r ''.i
ai:a ol brokcn coLrp0ns (ll)

Allcoupo s $er.lon ilclll]rcii\.ly i'\tNrcrl u\ ri!. itn r" lo
n tcd ultftsorric C scnn rcchr!Lrc (15. l(r) $hich is cr'flil.
ol cstiiblishingarddrsplaf Lrgthcd.pih l,).rtior,il!r\ (l.liLjl\.
as wcll as lhcir in phnc l,)cxrn)n.

Th. cc lcr ol !:.rch cout)n wr\ Lnrpr.kLl. Lninr lb. lc.h
ique described ir seetio'r 2 : Ali.r lu h.f nor Ll.nru.ti!.

irspcclio.. coupon! rcJr sto r.d in s.! i..i br:\ or it lt.lr:'raci
. n^r.e, ',(l.r r r,r'li ii ,. .r

$hich can iniluen.c .omt(riro corrfir.si(rr pr(ii).ares.
lcrghjn: of lraveller' sp.cinrcn\ sho$.d thrr 1h. Itr)inu..
conlent of the coupons. rs tc(.(]. \r\ rb. l (l llti: tni\ r\
unlikely to h.r!e r signifi.lrrr inlluincc (m lxririrrrt. nrc(hrni( I

2.2 lmpact Danrisr

Spcciirens to be inrfrcr drmr!.(t $.r. \.:.cl.d il r rri(rrl
iiorn the pr.el rrcr'lh. ri{ us.d to irln!1r.c (hr Ji:rrrlc
(Frgure 2) hrs been des.ribc(l in (1.r!ii.l\csIcr.l llr. Ilrirrl\.

Figure 2.

Rig uscd to producc lo$ lcvcl Inrprtt drnugc ilr composirc
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I

. hlling assindcnt(n $ ith.r Ll.7mm d irmctcr henr isphe rica I

rhick sleel nosc wrs sed to impacr thc ccntcr olrhe coupon.

'l rch \... .,r rt..l l.. reen.l rc".rc. l p.,t.-...rrJr,,,! J L

cular "wi dos in wh ich the lam inatc wrs uDsuppored Thi\
alxrngenrent cnsncd $at the coupons \crc Dominallv iden
r.J . r.r(Dcp|,nn ir11.r..r Ihree.l rd.nr{irJ,,;.,c.
\!creuseil(20, 30and:10mm.li{mele .lncidentrndahso$ed
iDlrlct energies werc dctcrmnrcd bv nreasuring thc incnlcnl
rnd rebound velocirics ol thc indennr. usirs a lascr timing
s\stcnr. A constrnt levclol incidcnt impact energ) (12.:0 t
0.0'l/) \as used. based on crpcricncc wiih eadier rrirl\ (11).

Tbis produced Drinor back tncc cracking in the tbrnr of splir
Lingparallclto lhe tibers in dre surliccpl). but left no signili
ca l c! idcn.. of inrpacl olr the ironl (impac0 face The mcrn
.lbsorbccl cncrgics mclruredwere 8.26 I 0.19/ (20ornt. 8.ll
I 0.21 / (l0mnt and 8 llj 1 0.'17l (40 )m), thc 1(N! level of
L ',rer irlh: ir'!rh r\' r Jr fi ,1c.,*.rdnr*i...r..re',r

There s,:is no sisnilicrnt influenceof\riodow sizcon rhsorbed
energy. nordid lhc rbscncc ofr ]n\t cure hcaGrrcaLmcnt tirr
pinel FG have an clli:cr on thc imprct responsc ol thar prncl
Non desrmctirc iNpcction (NDI) ofthe s.irnplcs (FiSure 3)
showed rhat thecrlcnt ol tbc dchminarion daorigc wrs rlwavs
rlosc to the window sizc, rnd that the damage cnvck)|c Np

fn)ximrted r trurcited conc whosc b{seuas locared ar tbc brck

20mm

2.-l Testi'rg le':hniqucs

Frtigue teslirgolC1-('co!pons rr high tc!.t\ I)i .onrprcs\iy.
slrcss rcquires corbidcrable!(cnti(D n) ddlilcrt rtcsi!f,)l t(sl
r\'r'\ tJ r,.,., i. $1.,, r...,ri.. \ 1. . r. ,.. I

rccdcd to sinrularc rcrlisti. se.!icc.onditjons. ln jrirll\. \?.ifti\
.te..r,.r..'t'fo".\ ,,. .r.<..l. I r. t.,. r,t,..r.1
lcsting wcrccvaluated. Noncoithesc llxtur.s $lsconsid.red
srtilfirctor!. sincc they rll lcndcd tu crcarc unr.c.ptxbl\ hilrh
''.'r..,llh.,J,ll,(.tl ilrr j.,,,..,,',..,,,.. i!
an) residLrallcsting Dlrchjncnris!lignlrrcnl lh. ti\tuc\hrNn
in |ifurc.1was. Lh.rEtire, dclclopel: this s)st.rD iltl alsor\.ids
(hc use of bondcd t.bs r\hich introducc un$rnrcd rcsid!xt
slrcsses and complicatc rpecinrcn rlignnrenl pr)..durcs. B!
.r'J.r't,r,<c.'.rtJr'.r'l,rJ,rr., "41..,c.,.t. ,.rt .h
nrc glhsteeltl tes. loadtr.nsiirlorh.sf..i.rcroc.rrsiil
tlne scnltions on thc imcr phre su I kcc\. rnd :r n op.r $cr!.
abriNiyo coatcd loih inlcr lq.cr FrgLll..1\h(tr!s lhc jnrrqrrlArip

tiJh ..lrr ,, 'hr. , t,. r ,,r .,rt. "|a .'.' .., r ,,r ..
bLrckling suIporIs

For 56"ply coupon!. onlv li]lht edgc rcsrrxinl $rs rcquircd
tJ elimjnalc g!1^s Vecinrcn huckhfg uf to 1101'; 01 lhe tu
quired tesl brds. ljifnre 5. ho$c!cr. illLrnrrtcs rhrl ti)r lhrn
ncr 24 ply rralcr irl (ll). lhc rm{nr 01 suppoa sirriticrnlt)
allccis ihe appircDt stltric n.cngrh ol rhe coupoD: \.r\ high

30mm

Figure 3. Ulrrrsonic C \can rccorJs tbr t0.:t0 and ,10mln dianrere.
,1,'1!.,,rtr,errif,rc..tni .r/(u 1, $rr.t.v i,lhe n,n,, . t., r./.nr pr.,t... r, .t.{1 c .i,$,.. t.rr ,,t r,e t. ,r...
djs ar"s scctjors th.ough thc ccnrers ot rhc damiscd recion.
t...\ ,-rhc.t.,rlr:e..n\.,,,te. ,..,1..,..r.,. ,or Lrrro(cu.
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Figure 4.

Tcstlixture used incompressiolr tcsting, showing grip plates

rnd anribuckling guides.

lcvclsof consll.tint$€re requircd to achicvc.onsislcnt rcsults
ncar9oilMPaconrpressivcsrrcngih. Thcrnxrurtol construint
uscd Drusr rhcrcfore. be sclcctcd wirh tarticuiar carc: $.hen
thclpecimencoDtains rmpactdamlge. ouroiptrnerIl)vcnient
oflhe malerial adjacen to the d ll. ge musi be pcrnirrcd 11

realistic conditiurs are lo bcachieved. liisrinr machinc atign
mcnt i! anorhcr.ritical aspcc r ol rh is r\,pcot reslinl]: rllisatil]n
mfrl ,'U.2r r..,rr|l,iJut. h,IJr rL.tr.r.r'', 'rUr.r. r,^1., I

in coupons ol Lhe size tesrcd h.re. Durin! rhc ARL lcst fr)
gram. alignrncDt ofbeter thrD 0olinnr $rs mrinlatrrcd.

2.4 Damage Sizc llonitoring

Danuge size nronrloring durin! thc tcsrs \irs bascd on the
lhadow Moirc lechniquc, in whicb rhc \pccinren surtu.c.
paintedwhitc to;rcrcase contrast. was illumin ed at:15 cic!r..
angleot'incidcncethroughanoptical gridor' t(l linesinndcn
sily which rvrs held closc (and paruUcl) Lo Lhc \urtacc. Whcn
the specnncs was loaded aDd liewed noonrl n) rhe sur ticc
through rhc same grid. any oui of pl:r c dcllc.rion ofrhc sur
I . e Jpp(d^,,,".er re. Jt r.r r. rc,,.r t|lf .- r. tr-.(1 e I
troxinutely 0.lsnnn defleclhn per iiugc lhc dcti'nulbl
visitrle on rhc back face in rhc damrred rcgion c(rtd be uscd
to esiimale thc siTe ofthc undcrlying dclanrmatn,n danrage.
In practice, thc fatigue tesr wrs halied al rcgular inte^"ts ar
bad level 23 (s€ll under thc tcsr Draxinrum ol lclel 12) and
the fringe pattenr was phorog.a|hedi djmensi(rrs of rhe dc.
lamination wcrcthen nreasured fronr I low ordcr liin!eor rh'
l,nolognDh. u.i1: ., .un p,rrr' lrnle. ,1., ll i1_ r.rl l<
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Figure 5' The etbctofincrcasmg thc level of antibuckling consrminr
on the compressilc hilure strength of24 ply coupons (18).
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LOAD LEVEL

26

Figure 6. (a) (b)

fli"h Lt trJn iLtttAtsl At ttodd,cquence..l,ru ng
.. h.'er rph.Fi/edr,rl.reddJr.nts.recrrurrn, ditrcdr.Jl tla
/cru{re*ler.lr.nar(.J. I'rr Itr"hr Lt Jron ,he nroditr.u
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2.5 lrad Sp€ctrunr

Spechren htigue loading rlas biscd on the F,^LS'IA rJF 8)
fighter aircrali scquence, which $"s inrcrtcd ro p()ride a
...nt e.. on J,in r .,ec \p.. , n eor. .nri ,! tt.. si!
.Nin..r\r.e(ulJ.ri.r,. in..,,." .(a,.r... r . iene.ru
approxinrately l0Hz fronr disc (otuge usrfigrD AR1. dcsigncd
stand-alone controllcr. which also contrctled lhcp()gr"m hrlrs
an,l Jdri.,-e n,on,ror n. .J ner.r. I nr I At 5 t.\t t ...qu<,.....
a serics olload levels ntrmbercd 0 ro 12. lerel 3-t hcre repre
sentrng maximun coorprtssive load. rnd lclel 0 bcnrg r re.
sile load: thc zero loacl conditior is cqui\rlcrt to lelct 7.i-l
Loads are applied in a scric\ of200 dilli.rcnt ltiShls ()nc trognD, s,hich is rcpe{led conrinuouslyi a l}pic!t filht.r air
cniftdcsig'r lifa would therciore. bc 20 ,10p,lgtums The srrc!\
levelapplied fbr leycl:12 (256 NIPI) $asdererrnincd from rcsrs
on undanraged coLrpon\. and produccd longirudinat stnins of
r 50r,,. Thi,,r, rr r. - rrrshl h.. h. r'l'.,r te.. ...,.rr., ..
in use for wing skins in curent nilirary rircrati. but qas nol
considered undulysele.c, sincea nmbcroli!.nrs. inctudin!
,J.r:r an'l uprr'ring r,..rr.,.Ir e. ., 'J .h..1-.- r, rr''r.,tr
opcrrting condiln)ns ine!itably lcrdto sonrc rrcas in realaiF
craft cxperiencing scr\ice strcsscs higher than anticiprred

A modified FALSTAliI, lequencc wrs also gercrrLcd. con
ttining 9,+56 turningpoints per progftln instead 01 rhc 15766
in lhe lirllsequencei this rcpreserts a si{nilicant accclcration
ofhtigLrc tcsting The appR)rch used was lodcldern! lqJrd
rJcentrurnrntstlur',.$h.r, \, IIJ eL,IIL ,' rt..r r.rr1, .
k) l7i single turning points in rhis range serc rclaincd Mrn!
imilJ"moJrl:..,ri', e,nrqr....{rluI el.(.r.,l-,^.I l.

this one oflb.ed Lhc ad\arrtage ol rctrining.rll nlaior |)rd ex
.Jr'i"1.qhrleodl.'Lsn. rarth. l..,u.\.l- .,.ru Iiar ,l
ou,irlre$rle1o.,... ll,"e.eLr or rl-r,r FJ rc,,.ur ..1.,

typical nighl is illusrralcd in Figure 6. thc cycles detelcf

2.6 Test Program to Invcstigato Ellerts of
Spectrum N{odiffcation

Thc m,,^r I.ll u r,(prour.,r r, .c,r ..,Jn. l\. |, S
damage 30!nm m diaDretec inc bcirr tested Lrndcr the tutt
FALSTAFF scqucnce. and len \ith thc nndifLecl scqtr.ncc
SpecnDens wcrcd.rwn approxiollitcl) cqu!ll! tiom lhc rhrc.
origiral panels, lo pemit iDlrstiglron ofthc cilcct ofan! pa cl
ro prnel variat ion (such as ahscnce or orlrer$ isc ol I'ost cure)
on lirtigtrc life. Testi werc carricd otrt in rundonr o cr rnd
were conlinucd until coDrplete fhilu rc of thc cnr\\ secl ion oc
curred. Thrcc spccimcns with l0 rn drm.igc and three $irh
40nrm damagc wcrcalso tesred Lrsi g idcnrical ptuccdLt ns aDd
the nndified ioad se!ucncc.

3. lest ResulG

Fatiguc livcs obtaincd.rre listed in Iiblc L lrigure 7 sho$s
thccoupon livesgroupe{taccoi(li gtothcloldscquenceLrsed.
and Figure 8 shorvs thc srme lives. g.oupcd according 1o rhe
o.iginrlpdneldc.idn.,lli A s.'ui) 'n.'l).r..... '. ,Jr
riedouttodetermine whcthcrthefatiSue Ii!es w..rcinlircnccd
by either of these two laclors. sbowcd (lhble 2) rl t ar .t 5 X
lcvcl ofs ign ifi cance, there $as i signilicant influcnceofpanel
to-panel {irirtbn, while,ro inilue cc could bc attributed ro
speclrum modificalion. thc analysis also conllrrncd rhdt lhc
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Fi8ure 7. SPecimtn tutirue
q!en.e\, mean I'ves

Table 1: Specimen Fatigue Lives

Table 2: Results oI Two-Way Analysis of Varian.€
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FULL LOT\D SLQUENCE

livcs tor both lulland modilicd load se

of the two groups are shown.

panel to panel effect (Figure 8) was qrused by l$! \"lues of
tali8ue life for spec;mens cut liom p.rnel FG, which hrd not

Figurc9 ihoss a series ofshadow Moire intcrfcrencc frirgc
pattrerns photogl.aphed at sbge!during the lif€ olspecinren FHI
-lheprogressn)n 

of the delanr inrti{n damrgc shown is typicrl
oflhesetestsi damage g rcws acn)ss thcsfccimcn. rrthcr than
:l.rrErhclcnlrh nJe; e, f.h.r.l r.rlL{ ,'.,rr., I|l n

approxin Lcly rcctangulrr shapc.
Figurc l0 shorv\ rhc changc in .lclamination sidth clurins

tcsts on coupoDs containing l0mnr damagc (lrigurc I0r) anJ
20nm and 40nrm dan gc (Figurc lOb). Thcsc cur\cs arc a

besl'lit reprcsenlalion ol lhc.lxtr. and $cl1: dillcrcnliaLcd rl
anuorberof poimslodclcrminclh!'danragcgr(Nlh mcswhi.h
are shown in Figure ll as.r liurction ol dclal]rinrridr widrh.
In sorne cases (e.g. speci'nen Flll. whcrc.r "slcpped tbr
ofgrowth wasobservcd) it was not possiblc to dcri!c rcliablc
growth rate data. The resulrs in Figure ll can be seen lo till
into a well defined band, indicating in!rersing grcwrh rrtes
$ the damage progresse!

4- Di\."\si"n

The condirions undcr $hich dln gc nrar- hc inrroduccd in
CFC aircraftconrporenls vrry wrdely, and lhe inrp:rct danmge
used in these tests is necessirily a somewhat idellised.$..
snrcc the chmping rrrangentnt lin ited drmrgc s irc. Ho$rlcr .
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Figwe 8. Specimen iariguc tiycs.
lives are shown. Pincl
hcat treatmenr

d65 {rJ1
9. Jhadow Moire inErterence lringcs, nrdi.{ring growth ol
damagc in specimen FHl. The numberofprogranrs comtleted
ar each srigc is indi.rlcd.

groufed b) p:rnei matcrial: nrcrn
FC wrs nol !ive. I pon cur.
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Iigure 10. (d (b)
nJr rdgc $ dr rd,:'.rr. I or. ot nur rtterot t: ig.r(t jruLr.,I..

I \1{)rr.,inir J.rr r.rir 1,lunr,.r-0mn n rrtnr|,.,a

These lcstsdcmonirrtcd no significant tirtigLre lnc n:sponsc
ro re o!ing hw-lord.)clcs fr)mthe load speclru . alld il was
concluded lhrL thcaccclcrrted testing capibillly ollcrcd b) rhc
.nodil,ed.oe.rrur'r.. J Jl, ' .r ri ILllle, Jr !.re,1 ..rrt..
tnnrs. This resultilso supprn ts thc$rgilestbn. di\cussed eadicr.
thal CFC rulerials.rrc nxrc scDsitivc n) hiSh.onrpressr!c kr.ls
ina spectrum tban to cyclcs rL l(Nr r lold lclcls Clelrly. othcr
specnum modillcations should bc cxlmincd n) explorc thr\

'fhe influence ofpost curc heat rrcrtmcnr on latilue lifu is
shown in Figure 8i a reducrion i lile ol r lict(tr ollbout r$o
${is obscrv.d nr coupons whrch had not had thc hcnciir ofr
posGcurc trcatmcnl. 'fhe sutrc cor]rprcssidr srrcngLh oit!n.l
FG mrtcr ial, ho$e!er. was not signilicantl! dillcrcnr fi!Dr thri
ol thc otlrer t$o panels (17). and il is intcrcsring ii) nole thill
in this crsc. slatic strength is not ncccssrril\ r good indj.!nrr
of expcctcd htigue perfonnancc.

The slandard de!iarion of log lilc 1or thc spccrncns iom
I',Iel.fH:rn.lFI$.,,ji{ rc r.'l_e1,.lU ll,r' r\ir. r,f r'., i
result. since il indicatcs th.rt raretul conlrd ol cxpcrirncnul
cond ilions nnke$ it poss ible 1o kccp tbc scrtlcr do{ n k) vrltres
compaflrbtc wiLh rcsults tir nretals lcsling.

The wa) in whi.h damage:mwth prorccd\ acn)ss th. sp.c
i'nen (Figurc 9) with onh a snrall gro\rth conrponcnr in rh.
longitudinal (0 dcgrcc libcr) directio| is ol inlcrcsr. lhi\
behaviour may bc rsso.iatcd $ i1h the rbscncc ol 90 dcgrc.
fibers in this lay-upi in man) aircnfi conrpiDents. howevcr,
a small number of 90 dcgrc. plics rrc includcdn)plil'ide inr

troved biaxial elastic propcnics. and thi\ t!p. 01 .rro$lh
bchrvier rnay not be obsenecl in such cascs. Another aspecr
ol lbc gr)wth prccess is thal il isclcrrly LlisconLinur)us. !s sh.!v.
in Figurc lob. where there is a kmg dcl.r) in Jamrgc 8r$rh
i,''p..ii..rIlll \rn 11,.o, l.*.pr. 1,{.L.
!l.uob.crr,Jin..rLr"r .tc |,en. Ih .1....,,,r'.i rr. .

occulrirg belwccn pcr()d\ oi dxnuge !rcsth is nol kroqn.
and mav he resolved in llnrhff uork

75
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sincc thc dnmage c()ss seclions shown in FiSure 3 arc lery
similar to tln)sc obs€rved by the authors in iess highly con
stranredtests (ll). andthe impact ener gy i! real;siic, thedamage
uscd in thcprcscnt tesN is th()ught to bca reasonable retresen
tiLion olwhrlnight occur in rCFC wing skin n amorehighly
constraincd rcgion such as thc comcr ola b.ry. Furthcnno.c,
sincc thc matcrirl uscd is tlpicalol rn rn'crrft wing tkin, rnd
thc loa{ling uscd. although scvcrc. is rcalislic. it can bc con
cludcd rhat gro\yth oiinrpact drmagc b] latigue.ould oc.ur
in h ighly srressed parls of an aircrrfl slructurc; this shou ld bc
considercd priortoaDy future increase inthe allowable design
srrains tbr CFC componeris.
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DAMAGE W DTH lNM)

Figure 11.

Drmagc g(nvth ratc. asa lunctr)n ofdamage width tor 20.
l0rn.l:10mnr initirl drmagc sizes. Relults marked iaretrom
couPons lrom pancl FG.

5.1 l-ow level inrpact damage cr pr)prgrtc t() hilur. b\
compression dominated ialiguc undcr sclcrcrircnli wing!kin

5.2 Damag€ growth nomrl to the 0 clrgrec llhcr dir..tion
\!as pR)nounccdi little Smwth $rs obscr\c(l in lhc 0 dcsrc.

5.1 Drmrgc gr1)wth tutc rlas conrrnlerlb\ dlnu[c ridlh.
:op:r.rrI IJit.nJ rlr

5..1 Loid spcctrum nr)dillcrt;on h\ r.Dr^al of kN lord
c\.Ie... rn.(..or.\' r'..,r .. f ..,
danrage gror!lh is ins.nsiti\c to lhc trc\cnc. rt rh.se lo d

5.5 Variations ln rMrcli.tl prccrssins crn hr\c r silniiicrnr
cifcct on danrage cmwth Speciilcally.o i$nlnofrposl cur.
Ih.I tr'.,rnrltr,. .! . j"r' It 1...,r.r" .'n,o,r.,...r.
ly two. $hilc haring Do silnilicant cltc.t on strli. strenlth

5.6 With carelirl control oi inrprct drnrlgc conditio$ r.d
rest methods.lh. scaftrobscrlcd in latiguc lilc.an b. sinr ilxr
Io thar see| in clals rcsling.

5.7 The additbn lr1 lurlhcr drmagc growLh ratc drtr rI dil'
fereri stress levels $oLrkl rnrke il possiblc lo asscss r rrngc
ofemtirical parameteA which could conlrol danltgc gro]lh
in tutigue.

6. Atkno$ledgenrcnts

Thcauthors $ould likc toacknoi!lcdgc drc assisun.. olMr
T.E. Prcuss. Mr. J D. Robcd\ rDd N1r.lJ. LrsricoiA.R.L.
wilh this work.
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