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INTRODUCTTON

Carbon Uibre reinforced plastics (CPRE) are strone, st and Db o g

e theretore heine nsed increasingly in alrerart Stractures too save moass ! o

sov. However, the fuli potential of those

Foodl st v e thev o gre o susceptible oo

! . | T vk
Sibhreoo st eogcioant !y redace the tenside srrencths o UFRE faminates oo G
TN SN compressive strengths,  Por peact roated pates the danaee 14
ERSTITENY At oihe reduction In ostrensth is sioilar ©o (bat for
acbes, st tor ow enerey produccd by dropped tools, runwiy stenes or
e ieom, the barole visible cact damawe (BUVID) can sionitioant iy b

P et sy s irer cthoand canecot be sceen readily on o faspection,

Phe LS i ronp SMYAGOT, comprising DFVLR of Germany, NLR o
I TR Promce and RAE of dacland, was tormed to investivate che fapact

ninates, to characterise and Imorove their perfors

i e U e, thie croup bovussed on 3VID and on the nossibilite of
i owthotr o wmier tatibooe Leading, usiog commen materials and test

i

paratetors toocontin that o tour laborateries produced similar results . In

Soaae T, the toe bihoratories stodied oowhder range of materials and test
ety kit e Notatied study o of damace crowth oand investicatinge
()
: DOl roeve Lo e tolerance beousine hvbria laminates” 7,
b Haoganr s T tw o trom the tour labavatories tor the work
R TR ETENER
A cemmen bt oo e enesy (P0G 1ACY prepres was obtained from

Ciha-coiey GRY T and moa Tded fate Laminates with oo [0,00,0,-45,0 s Tav-up at
Corhe o oo acortoe s Predliminary dmooet tests with well specified drop-

Weld ot ot tes esr b ishied 0 TV ID threshold ot 30, which had Tittie effect on

e e gl tens strenyth bot owhich wificant Iy redncec the residual com=

Dressive siremyetie o soes it s s owith o and without this BVID, were tested ander fully
-1y, asiny specified anti-buckling vuides,
Pheotatione behesionr was hoeinated by the compressive Toading and the S=X curves

it bar o e Yoar P abhoratories, There was 1 marked reduction in fatiyuce

S 1t v b G iae s hat il S=N curve tor the damazea specimens was
R N I L SR odes there was bittde ditterence Fetween the tatisue
SUEer ottt Lo ot g e e e b e imens,




These results were encouraging for the applicat

GARTEUR TP=147

fon of CFRP in aireratt

structures but more work was needed, over a wider range ot variables, before

veneral conclusions on the impact damave tolerance of

could be drawn.,  This was to be the aim of phasce two,

; PHASE TWu

As o oresnlt oot phase Ty members of the groap tr
drew up the proposed programme out lined in Table |,
and deletions, were made s the work proceeded, but i
outlined dsee tables ) 4 and 40 A common core af ot
FA00/915% CFRY material with the commen [€049) ;U,"
Tnvest Doater possible improvements by asing woven

tne Lieded 13005208

DEVIR dncluded 1T300/Code A oas

included ARALL to compare its performance with that o

and DEVLR studied different Tav-up offvects,  ONFRA, a
Tions of impact,  ONERA and RAE included machined kot
DLR O sradied resitday) o static strengths.  ONERA, NLR an
tatione sroverties at R o= =1 and ONERA Jdid additicny!
o laboratorics used ultrasonic C=-scan tacilities ¢
ONERA nd BLR monitored damace srowth, and NLR prepar

Seciions tinrcuaeh damaved revions.,

MATERIALS
P tonr Laboratories had o common bateh of ani

Pibre/opo:

ovoprepreg material from Ciba-Geipv Ltd, des
HHAC=TS=5-347 ) comprising T300 carbon fibres in BSL Y
warp shect 300 mm wide with a moulded thickness of 0,

volume fraction of 607,

In addition, other preimpregnated materials wer
imiprovement s in impact damage tolerance by mixine mat
DFVLR used UD E=-pglass tibres in 914 cpoxv (9146G-E-S)
Pibre tabric in 914 epoxy (914=-G=814NT), NLR and RAE
woven carbon tibre fabric in 914 epoxv (94C-Brochier
tibre rabric in 914 ecpoxv (914C=Keviar tvpe 285-377)
i epoxy (914C=07781-257) . ONERA had a batch or D
Prom Ctarmeo and DEVER had g bateh ot D T300/Cade kY
Fothere il aad Harvev Ltd, to compare with the Ti00/4

Chickvess apnrocimatele 0,00 mo, twoee that ot the 1D

carbon fibre composites

L

[t}

Mod it icat tong, ot

toembodied ol i

NEe PUroesr A4Mme wps D
. mAR [RUR N
Posoor tevirias, o oNiky
R B PR

YOUOFRY Ty

nd DEVER varied Ui
S orTor cempariean,  RA

JONFVLR medsare ! re

GO sure Qe

ot

some polished vroaa-

Girectiopai D) ek
tonated Fihredus
Pl vesing, du the tors

L2 mm oand o onpoming!

ooabtained to o arads
crials te tore behrt s
and A woven P00 arhon
ured commen Batches o
(-R07-347)
and 1 owedass tibre b
[300G/308 carhon tibre o
carbon tibre/enesy e
1v.  The tabric s lded

Aaterials, and hoad o

ool Woenve [BIRRTH

H
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slightlv tower fibre volume iraction of about 53%. In hvbrids, where fabrics
repltaced UD plies, one laver of fabric replaced two VD plies, either (0,90) or

[ VN

NER O included an ARALL Caramid reinierced aluminium allov) designed on the

hasis of equal welpht/surface arca compared with the "protectcd' base Jaminates,

Istinge «f three O,3% lavers of 7075-Th

resultine in o bullt-up laminate cons

alumininm allow sheet and two interemediate 11, 2rm of "D aramid reinforeed

adtiesive,

Pive materials were Tald op 0o the ot kKine seauences shows In Fasies 1ot a4
and moaslded Dot Taves In the toor countrics o the rocommeded cnre sehedales,

Seme basic bainate prepertles ape cdven fn Tabios =7 and dn Fies boand 2.
(RS GIETEN be read Trom oresidual o strenctin curves Uor o core dnpacl o cierew or o from
S-noTativne Carves atoone ove be.

The base laminates, Py with 307 0 des plies, had tensile

Strei s betwees 550 g With more ciapereed {0 b alies (FLe 0

Pav—ups Bodnd g ihe tensile stronothe were sTiont ] Doy af gndor X000 MPa,

Rootas the =5 dee carbon fibhre plics with carbon tiln

tihre rabrics save increased tensile stroneths, especially with the more dis-

plies. This indicates toat shear cracks paraciel to the fibres in
theow dew carbon fibre plies applicd stress concentrations to the 0 deg laad
Caorrviog plies. Thi= would he tess apparent in the base laminate where the 0 den

Slies were inoa hicekx of vivht plics, and where the w5 der plies were fabric where

shear crac would he sharter and more diapersed,

The TOmn contre potvhes (Fie 0y roduced the tensile streneths to approxi-

st by halt those of the nunotched Taminates, with the exception of one specimen

o Davsup A dn which catensive delamination effectiveiv decoupled the 0 deyp and
vooder pliess However the catlure loads indicated toughresses of 50-350 MPJJE,
whicn compares tavonrably with thick sections of other tough structural materials,
Tat is considoeranty less than toushness vataes ot thin sheet aluminium alloys.
Acain the detrimental cbtoo tn ot 4 shear cracks in lay-ups B oand ¢ can be scen
cledrly. Fie 3 shows altrasonic C=scans ot notched tensile specimens after
testine.  Toe delmination in lav—up A shows olearty and this vave wood notched
Strenethe The 9y dder crackine foevident in lav~ups B and ¢, resulting in fower
Caiinre stresses. The nse of 55 fabrics in bav-ups Dote 1 oclearly reduced the
incidence of 0 dee crackics and il lowed o certain amount of O dew cracking which

Pa Mot et rectine an tedicans Uhe stpress celeent rat ion associated with the noteh.
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The ARALL {Table 3) had o tensile strenpth of ¥545 ot
the CFRP laminates, but with o tailare strain over twice o= creal, I

Signit . cant slastic strain,

Compressive strengths were lower, betweon AUG aud Tt M7y 0 Do
Case the laminates with the more dispersed O dew plivs coave rne b o]
(Fia 2, tav-ups B oand C), Fig 2 shows the importanc, of the tess oo

s

{n measurin: compression strengths: the anti-huckling cutdr , used o oo

deseriboa in Ref I, gave values similar to those Tor the short nooner T
sens when used inoa verv rigid S00kN test machine, but the saree g i=tan 0
anide used oo osmaller less rigid machine gave valoes sionls: antls oo
5 IMCACT TESTS

Most of the work on impact damawe used the dropweishe o e
rhase | owhich is deseribed in Ret 1. The laminates were olamped borisonral!
over 2 100mm internal diamcter circular steel support. Lot
wose ciiameter ot 10 man was dropped through bom Olmpact velocity Soed mos)
the contre of Che unsupported arva.,  The incident ity o [
by wijusting the mass of the impactor.

In addition ONFRA varied the area supported, tr rully sunpertee to
100 mm diameter, and the drop height trem 0,05 m (2,00 m/s) 1o om o= oy

DEVLR did some work with a modificd instrumented dropweisht apparatas, oo
single impacts with repeated impacts, and varving 'he materials and th
height., Fiy 4 shows comparisoas beotween single impacts and rooeated mmpon oo 0oy

various cnergies, and the of feots on maximum et Tection and rorce, cinotur o0

impact nd maxiaum Torce during impact.  The repeatoed fmpact o Centioci
penctration occurred.  In weneral the repeated impacts proditee ore sdamooe o
ureater reductions (n stiffness, tor the same incldent cueves,  Fies : vy
Similar tests an o I(l,‘r()](, fabric laminate and onfOyu0, 00 0 it R
carbon tibee plies are replaced by glass Pibre plics o by carbon pibae o e
The nse of carhon fibre fabric reduces both the Tead carrvin (IR ORI
enerey ahsorption during dmpact,  The plase fibee Do e we ohie to e s
Attt four times as much eneryy as the carbon fibre L tnare borers oo

Fiv 10 shows that replacing only o few ot the carlion ihre plice |

plies to torm hebrid lamicates resnlts jn sicniticant Tocte oo 1o om0 !
tien, the best hvbrid tested heing when the A% dee plics were b om0 !
smaller increment Do cnerey was Ahlo to dofferentiate hotwees co e 0 o
hoetter than the larger impact encrev, Fie DD ochowas thot the oo R
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tabrics results in less energy absorption.,  Fig 12 shows the penctration enervies

Yor all the various laminates

and the slisht embrittliovment produced

b IMPACT DAMAGE

[he damawe caused by th

shown In Fios 13=25, 1o Flg

cavsed hy dncident energivs o

on the hase laminate with face

The base Taminato showed

1

o f

tested, again showing the benefit ot wlass fibres

by ¢

fibre Tabrics.

¢ dropweicht impact on the various laminates s

3, front and back Tace views are given o damage
2-12 0 en the NLR base carbon fibre lamicite and

sheets ol aramid, ¢lass or corben Uihre Tabric.,

stensive splittiong on the back Caee ar 100 s g 10

impact was ol carvied out.  The Fabric face sheets all rosiii HRITSRES ot :
dese on the back Toee, o the ARATL material therse was ron B i t
coltoat Inacident cnervies areater than 6 0 1o bag,
Picc 1y and Th Show examples of the damane proaduced e v o oy
testitg . Lhe vestriction of tho s b Dabrye i . '
tihre laminar o I Fie te 1s trans et e e o e, i i
i spiittioe, the delaminations between the varions plics, T bwbric shogs
e ing b compared with the simitar ail-carbon Jinre dasioare e [T

Dow osurface piles of hivher strain yibres can provent pibre bocakont oot by ¥

i b0 and 1H

Cternal delamination are

rooc otk PFTe T ghow that althougsh the areas of

comvige s less severe in the

nltra=sonic C=seoans of i

abont the same,  Crass o Uian thronah

restriction by the fabrics of bhack ply splitting bat ey shew thar the areas

e apper Lo by

Tabric faced sheets,  he delaminations 1o the ARAL

were o smabloin extent dine e doubt te the thoushnes s o8 o gdhiesive,

Pl M oand b oshow ONERA (-s

Plors o the Usseap patiorns

Phe areas o damace were very similar 10 the two snitert el

s comparine damees Ino sl aud 2008 lamin-

coerientas

how how the debaminations extend 10 the directions

e b ihre s, wWhode STl rtena o these Jprections allows apee Pt H
Treie,
DEVEE S et i e b tre areas o dedanination o and broken fihres in

[ B T T R R T SR T S asd hvbrid Taminates,  This o shows that
troaicht carho Poere s preddtoe e cretest estensions of Jdolbaiipation, whereas

‘ Pt Pl . Foostraet e e ey o damaee but o canwes it 1o be more
e an te e o b ihres, o s sibhres, heine less stitfoand bavinge
FEN¢ Prostragn . ' il Srrdet bR r e area o che bamination g
the A ’ [ IR
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in the laminates containing O degree pliecs the strains were small.  Stres-

concentrations from machined notches or impact damidge caused a marked reduction

in the static strengths.  Subsequent fatigue however produced relativelv fiat

U curves,  The strains needed to cause faticue yrowth were close Lo thowe

which produced static failures. In (#45) laminates the workine strains were

groater, and the S-N curves were steeper.  In this case the stress ravic wa
important, reversed loading being more detrimental thuan compressiop—coempression

eading,

Jhe results indicate that the static properties of {ibre reintorced com=
posites are signiticantlv atfected by localised stress concentrations ik
noetches or fmpact damage, whereas the fatigue properties are more dependent on

T

the iatrinsic properties of the laminates. [ the static problems are ajlevia-

ted and the working strains increased, then fatigue may become more of ¢ provion,
dust ot the information on the impact performance of fibre reinrorevd coms

posite: is empirvical,  There are sufficient data to draw some ceneral oualit -

tive conclusions, but there is a need lor quantitative predictive technigue .,

bottr o1 the damave formation and of jts effect on residual propertics.

Ibere i= also @ need for Improved materials=.  Some improvesents van e

sade oy alterine lav-ups and using hybrid laminates, but ereater advance o <hosls
core trom materials develepnents and from the imapinative comhinations ot

ttertal s i nvbrid stractures,

e work nndertaken in phase two ot this proeramme contirmed the findines
+ t

o phiase one, that fwpact domace in carbon tibre reinforced composite laminate:

o red ce the statice strengtns and low cvele faticue strenpths sizoiticontio,

Cespecialle the compressive strength.,  However, subsequent fatispe loadineg pro=
K I 2 . | ; t

3=% cnrves and hiph evele fatizue strenaths are similar to tiese 1or

doce tlat

nndenaced laminates,

Sore fmprovenents can be omeede to the fapact pertormance Hv opticisios Tanj-
ot b nns end by the e of o surface plics o carhon or owoass Dibre tahrie s
More o sicnificant improvements in the residual static streasths shoul i ooom

.

Prom dmproved materials properties, sv Y as tibreg strix and interface prope: -

result in increased tatay

tlee, and trom improved structural desipn. I'his m
ensltivity,
There is a4 need for quantitative technigues to predict the pormation ot

the damaye and tne residual strengths,
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Static t

Faticae

(SR

Lests

Dropweioht

(-scan

Vary strain
rate

R

Hdachined holes

R = -

Damave vrowth
C-scan
Neravs

Acoustic cmission

Dropweight

C-scan
R = -1t
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Table 1
GARTEUR SBL&HUP PHASE 2 PROGRAMME
RAFE CNFRAJCEAT NLR DFVLR
+ ,___,_v__,__lr_,-_ e IR
U330, 49714 TI00/914 T300/914 T300/914
Carbon/Keviar T30 5208 Carbon/Keviar- | T300,/Code 69
Carbon fabric Glass fabric Carbon, Glass
ARALL
[z, 0] [ECS ”*]s [(225), ug]5
[+45 0 =43 0], 1 (0, 90) [(xa5), u;]g (£45, 0, 90)
(£473) [245, 0,, 92U,
0],
250 S 250 50 250 50 250 S0
dand others
Undamaved I'ndamaged Undamaged Undamared

Dropweight

C-scan
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Table 2

PROGRAMME OF WORK AT ONERA-CEA]

Mechanleal testing.

Materinals

Lav-ups

T300/914

T300/5208

Determination of

5 mm o diameter.

Effect ot

Fffect oy

Effect ot frequency for [f'w,, —'«'),]
2 N
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