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FAILURE PROCESSES GOVERNING LONG TERM RELIABILITY
OF CARBON FIBRE COMPOSITE STRUCTURES

A.R.BUNSELL* & A.THIONNETTY

*Mines ParisTech, Centre des Matériaux, BP87, 91003Evry Cedex, France
tUniversité de Bourgogne, Mirande, BP 47870,Dijon, France

Advanced compositesarenow used in many criti cd civil appli cationsfor which longtem reli abilit y is an absolute
necessity. Testing based onmore traditional metal structures has been shown to be inappropriate and thereis a
pressing reed to develop rewtestsbased onan uncerstanding d damage processesin composite structures. Multi -
scdemodellingwhich takesinto aceurt the charaderistics of thefibres, matrix andfibre/matrix interfacesis now
well developed. It all owsthe kinetics of fibrefail ure duringmonaonicloadingand sustained loading d composites
to beexplored andidentifiesthecriticd damagelevelslealingto fail urefor theseloading condti ons. Thisinformation
al ows safety factors based ontheintrinsic properties of the compasitesto be determined and quantified.

MPOIIECCHI PA3PYIIEHU, ONPEJAEJSIONINX
JIOJTOBPEMEHHYIO HAJTEXKHOCTH KOHCTPYKIIUT,
APMHUPOBAHHBIX YIVIEBOJIOKHOM

CoBpeMCHHBIC KOMITO3UThI UCTIOJB3YIOT B HACTOSLLECE BPEMSI BO MHOTUX KPUTHYCCKH BAXKHBIX IPAXKIAHCKHX
MPUIIOKCHUSAX, AJIS1 KOTOPBIX JOJITOBPEMEHHAs HaJEKHOCTh A0COMIOTHO HEOOX0AMMA.

MeTozbl UCTIBITAHUH, TPUMEHSECMBIE [1s1 60JIee TPaIULMOHHBIX METAIIMYECKUX KOHCTPYKIIMH, KaK ceivac sICHO,
HE JIAI0T JOCTATOYHO HAA&KHBIX PE3YIBTATOB, Oyayud MPUMCHEHHBIMU K KOMIO3UTHBIM KOHCTpYKUusAM. [losTomy
OYeBUAHA HEOOXOAUMOCTD Pa3pabOTKK HOBBIX METOAOB, OCHOBAHHBIX HA IOHUMAHUH IIPOLIECCOB MOBPEKICHHUS KOM-
MO3UTHBIX AIEMEHTOB. MHOTOypOBHEBOE MOICITUPOBAHUE, YUUTHIBAIOLLCE XapAKTEPUCTUKU BOIOKOH, MATPHLIBI U rPa-
HUIIBI pa3zielia, K HACTOSLIEMY BPEMEHH JOCTaTO4HO pa3BUTo. OHO MO3BOJISIET HCCIEI0BATH HAKOIJICHUE TIOBPEKAC-
HUH HA CTaJMU UX YCTOWYMBOIO POCTA U ONPEICIUTh KPUTHUCCKYIO BEIMUUHY OBPSKACHUSL, ONPEACISIOLIYIO Pa3-
PYLLCHHUE KOHCTPYKLMHU B 33/IJaHHBIX YCIOBHUAX HATPYKECHHA. DTa HHPOPMALHs MO3BOJISICT OMPEACIUTD KOIMYCCTBCH-
HO K03 PULHCHT 6€30MaCHOCTH HAa OCHOBE 3HAHHA XapPAKTCPUCTHK CTPYKTYPbI KOMIIO3UTA.

Intr oduction

Advanced compasites made up d cabonfibresin an epoxy matrix arenow being wsed in many appli caions for
which longtem reli abilit y is an absol ute necessity. Such materas arereplaang traditional materials or enablingthe
manufacture of structures hitherto dfficult or impossble to make dueto their superior charaderistics, anongstwhich
are stiffnessand strength linked to light weight; ease of manufacture and corrosion resisiance The still high cost of
cabonfibres meansthat these compositesarebeing gimaiily used in criticd structures the fail ure of which must be
avoided. An impartant example is their use in the storage of gases such as natural gas and hydogen at very high
pressures. Such pressure vessels have been used for more than a decale for storing retural gas at 20MPaasfuel for
busesand ahervehicles. Such presaure vessels have become ore of the biggestmarkets for the catbonfibreindustry.
The forthcoming hydogen econamy will require much higher presaures of upto 90 MPa so as to ensure sufficient
autonamy for the vehicles. Such high presaures mean that reliabilit y must be absolute as fail ure could be devastating
and would pu lives at risk. As has previously been dscussed the present intemationa standards for assssing the
reliability of pressure vessels arebased onthefail ure processsin metd, usualy sted, ves=ls (1). Howeverthefail ure
processesin composites arevery different from those encourtered in metals which fail by amajor crak developing
wherea composites fail by amore diffuse processoaf fibre bregage. In an adknowledgement of this, such presaure
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vessls areover designed with littl e quantifiable evaluation d damage processes controlli nglongtemm reliability. The
cost of making a cabonfibre composite pressire vessl is daminated by the cost of the fibres which can represent
seventy-five percent of the total cost This could mean that the development of the tedindogy is being hindered by
unrecessary high costswhich a better uncerstanding d the medanismsof failure could al eviate.

It has been shown that even the most stable form of catbonfibre composite, consisting d dl the fibres aligned
intheloading dredion, continuesto experiencefibre fail ure during periods of steady state or cyclicloading(2, 3.
Asthefibres suppat all but around ore percent of the applied load this means that longtemm loading leals to the
progressive deterioration d the compasite and can leal to delayed failure (4). This is diredly pertinent for the
reliability of presaure vessls asthefibresarewound on godesic paths so that when the vesls areuncer presaure
the fibre experience only tensile forces within the plane of the walls of the presaure vessls. The mostcriticd part
of the compasite envelope of the presaure vessls is the layers in which the catbonfibres areplaceat right angles
toits major axis asthese circumferentiall y woundlayers determine the circumferentia fail ure stressof the presaure
vessl. Therate of fibrefailurein presaure vessels and undiredional spedmens, as deteded byaoustic emission,
has been seen, at firstsight, to be similarin formto that of atypicd cree curve, although no oerdl macroscopic
cregp can bemeasured. Underaconstant load or constant amplitude cyclicloading damageincreasesin aloganthmic
manner as afunction d time and daes nat stop. It has been proposed that such behaviour, as measured bythe rate
of damage deteded by acmustic emission as afunction d time, could be used to predict time to fail ure and so be
used asameans of detemminingfuturereliability of the structure (1, 6). Multi-scde modelli ng o fail ure processesin
these composites hasreveded how the el astic cabonfibrescan progressively fail dueto the viscoelastic relaxation
of the resin in the vicinity of pre-existing fibre bre&s (5 - 9). However pradicd constraints andin particular the
extradion d the relevant information from amustic emission monitoring means that the direa applicaion d the
monitoring technique for testing compaosite presaure vessels is nat straight forward.

The present paper shows how criticd damage levels can be determined for carbon fibre composites uncer
different loadingcondtions. It is propcsed to use such an uncerstandingto determineli fetimes of compasite structures
underload andto identify theload levels which lead to acceptablelifetimes. Thisis an esential stepin determining
safety factors so asto increase the reli ability and ogimisation d catbonfibre composite presaure vessls.

Modelling of damage processes in composites

Unidiredional compasites or indee the fibres in the walls of presaure vessls experience tensile forces when
uncer load. The reliability of the structure depends onthe capadty of the fibres to withstand these loads and for in-
sewvicelives of tens of yeasthefibres must be able to withstandthe appli ed stresses overthese periods. Carbonfibres
seem to be perfedly elastic so that they do nd show any time dependent behaviour (10). Embedded in amatrix these
fibres suppat all but asmdl percantage of the applied load and areoften assumed to daminate longtemm behaviour.
However it has long leen knawn that cabonfibresin such compaosites do pogressively fail (2). This is due to the
viscoelastic nature of the matrix in which the fibres areembedded and the relaxation d which al owsthe stressfield
around pe-existingfibre bregksto evolve. Thisleadsto aprogressivelocd increaeinloadinintad fibresneighbouing
fibre bre&s. As thereare often many milli ons of fibres in a compasite structure and the strength o the fibres is
stochastic the result of these locd stressincreases is that some fibres eventualy bregk. The rate at which the fibres
bre& uncer steady applied loads or cyclic loading can be modell ed analyticdly and the time to fail ure of a structure
such as a presaire vessl can be deduced. This has been propcsed as a means of monitoring the ageing d pressure
vesEls but the uncettainties of interpreting the acmustic emisson means that other approadches need to be explored.

Themodel of thistype of damage acaimulation bah in monaonic teststo fail ureand uneerstealy loadsis now
quite mature and hes been validated on bdh laboratory spedmens and resaure vessals. It is amulti-scae model
which all ows the effeds of applied stressto be examined at the level of groups of singlefibrestakinginto account
the stochastic nature of fibre strength, the viscoel astic nature of the epoxy resin in which they areembedded and
asothe debondng d fibre/matrix interfacesaroundfibre bresks. This requiresthe detemmination d the Representative
Volume Element or RVE which has been shown to contain thirty two fibres (11). The composite is therefore made
up d many RVEsandtheir combined behaviour is simulated using afinite element model which hamogenises and
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sumsthe behaviour at the level of the RVES. In this way the problem of summing all the details within the RVES,
which would involve animpossblelevel of computing poverto doso for acomplete structure, is circumvented.

Detalils of themodel can befoundin severd pulications(1, 9and 12 and only improvements of the model will
be described here

This time dependent behaviour has been modelled and shown to be due to the viscoelastic behaviour of the
matrix (8). Experimental verificaion d delayed fail ure of unidiredional calbonfibre compasites has beenreported
by Bunsell etal. (5). The progressive acaimulation d fibre breakswhen undiredional cambonfibre compasitesare
underload has been olserved using high resolution tomography by Scott et al. which has reveded the credion o
clusters of bregks occurring just before composite failure (13 — 15. The model has been shown to acarately
predict the effeds of changesto therate of presaurisation d caibonfibre epoxy compaosite presaure vessels and to
be able to quantify the changes in bust presaures which are observed experimentaly (16).

The observation o damage development at the level of individual fibres, ead of which hasadiameter of 7um,
in acomposite structure is fraught with dfficulties asthereareso many of them. Notwithstanding the remarkable
results shown by Scott et al (13 — 15, using highresolutiontomography,the model has been shown to be sufficiently
detail ed that it can be used to explore the kinetics of damage acaimulation in composite structures (16) It is less
limited in spedmen sizethan would be necessary in experimentall y testing compaosite structures.

The modelli ng hestherebre been aimed at determiningif criticd damage levels can be determined for different
loading condtions so asto defineloading condti onswhich could guaranteethat in-servicefail ure could neveroccur.

Kinetics of damage accumulation in carbon fibre composite structures

Two types of loadingwill be considered inthe case of unidiredional cabonfibrereinforced epoxyresin which,
as discus=ed abowve, is analogots to the compasite structure in a presaure vessl. The first type of loading is
mondaonic to failure which occurswithin afew minutes at most Under these condti ons the viscoel astic nature of
the matrix has a negligible effed on owerdl behaviour and the main processis fibre fail ure. The second type of
loading invalves taking the composite to a predetermined fraction d its ultimate fail ure stress as determined in
monaonic tests and then hdding the load constant. The model then al ows the effeds of steady loading ower a
simulated period d many yeais or decales, typicdly twenty yeass, to be determined. The compositeis then loaded
diredly to failure so asto detemine the level of damage which produces damage under these condtions. In this
latter case the viscoelastic nature of the matrix become dominant in determining damage acaimulation.

The model as described above has been extended so asto determine the kinetics of fibres faili ng, including the
clustering reture of brees as the load is increased. The number of fibre breeks in the RVE is given by i-plets,
where'i’ representsthe number of broken fibresinaRVE, so that when nofibreis brokenit is described asa O-plet,
two breeks aredescribed asa 2-plet and so on urtil all thirty two fibres arebroken, which is described asa 32-plet.

On loading, fibresfail randamly throughou the compasite. Their paints of fail ure refled the randam nature of
defedscontrolli ngfibrefail uresandthis stochastic behaviour can be modell ed usingWeibuil statisticsandintroduced
into the model usingaMonte Carlo simulation. This meansthat initially andin redity for most of the loading, low
level i-plets arecreded involving ore or two asociated breaks. However a paint is readed at which clusters of
fibre bregks begin to be creded andthis is the paint at which the compasite begins to become unstable. Figure 1
shows how the tensile behaviour of the composite remains linearneatty upto the pant | in the Figure which is the
point at which clustering d breaks begins. Very few brea&ks areinvolved so that only 4% of the fibresin the RVESs
making upthe structure are broken and oy 3% of al possble 32-plets have developed at this paint. AlImost
immediately afterthe pant | is readed the composite becomes unstable at paint Jand fail ure occurs. At this paint
clusters of 32fibre bregks have occurred somewherein the compaosite and fail ure inevitably foll ows. At thefail ure
point Jonly around &% of al possblefibres bregshave occurredin all the RVEsmaking upthe compaositeand 7®%
of al possbleRVEshave nat been damaged at all with orly around &% of all possble 32-plets having cevel oped. It
was also seen that approximately 80% of the total number of fibre bregks developed werein the fibre failure
clustersof 32-plets. This suppatsthe viewthat theclustering d fibre bregsis the criticd damage processcortrolli ng
failure. Figure 1 shows that failure occurs at or just after the paint Jis readed bu indicaes an instantaneous
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Figure 1. A simulated tensile curve showing that failure occurs at point J immediately after when large clusters of breaks
form around point I which is the last point which can be discerned experimentally. The plateau represents instant failure of
all the fibres in the section containing the largest cluster and the final stage (C-D) the failure of the resin

Pacuemnan Kpueas pacmsdiceHus, HOKa3vbléalouias, Ymo paspyuieHue 03HuKaem ¢ mouke J, Komopas okasviéaemcs
nocneoueil, Mozyujeii Oblmy 3apezucmpuposannoll Ikcnepumenmanvuo. Ilnamo ompascaem mznoeennoe paspyuienue
6cex 60J10KOH 6 ceueHnul, cooeprcauiem Hauoonvuiuil Kiacmep. Quuanvnas cmaous (C-D): pa3pywenue nonumepa

extension d the compasite urtil al thefibresinthe sedioncontainingthecriticad 32-plet clusterarebroken leaving
only acontribution d the matrix which then bre&s. Thisis similarto behaviour predicted bythe ACK model andis
not considered to beredisticdly observable[17, 18. The Point Jis the pant of instabilit y. However, as mentioned
by Thionret et al. [4] , it is considered that Point | representsthe pradicd limit of damage for the composite asthe
criticd level at Point Jistoo quckly attained to be observable. Then, byanalysingthe state of damage at the Point
I, acriticd damage statein the case of monaonic loadingcan be defined asaround %% of al possblefibresbregks
leadingto around 3% of al possble 32-pletsandabou 20% of themateria (all possble RVES) containsat leastone
brokenfibre. The pant of final instabilit y occurswhen abou 8% arebroken andfail urefoll owsimmediately afterwads.
An analogy can be made with the development of acritica crad in ametal structure which leadsto fail ure under
the applied stress

Figure 2 shows the evolution d i-plets during monaonic tensile loading. All the RVEs in the composite are
considered as beingintad at the onset and littl e change is seen urtil around 5@% of the bre&kingload above which
the O-pletsdecreaein number but 75% arestill intad when 32 plets developandfail ure occurs amostimmediately
afterwaids.

Understeady loadingthe acaimulation d damage has been shown to be of adifferent nature. The compositeis,
by recessity, loaded to a lower level than the breging load and can therere sustain greaer damage withou
breakingthan that which caused fail ure in the monaonic test. The viscoel astic nature of the resin causes the matrix
maternal aroundfibre bregksto relax resultingin aprogressiveincreasein stressin theintad fibres neighbouingthe
breaks. Some of these fibres bregk and clusters of fibres can develop eatty during sustained loading (19). In order
to determineif thecriticd damagelevd is different uncertheseloading condti onsthe simulated loading hes examined
the effeds of hddingthe composite at different percentages of the ultimate monaonic tensilefail ureload, from one
percent to ninety percent of the breakingload, for asimulated period d twenty years and then, without unoading,
taking the composite to failure. Figure 3 shows a schematic representation d the results of this cdculation. In
contrastto the monaonic loading case sustained | oading leads to amuch more diff use damage so that when fail ure
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Figure2. All RVEsareoriginally intact and little damage occursuntil around 50% of failureload at which point low level
i-plets appear leading to a fall in O-plets however approximately 75% are still intact when clusters of 32-plets are created
and failure occursimmediately afterwards. The strain is seen to increase linearly until failure.
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Figure 3. During sustained loading damage in the form of clusters of breaks is accumulated throughout the test and on
being taken to failure after a simulated period of twenty years the damage level can be identified.
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occurs at one paint therearemany aher paints throughou the compasite which areamostjustas vulnerable. The
damage level at the paint of instahilit y under sustained loading is approximately twicethat which is cdculated for
mondaonic loading, irrespedive of the sustained loading level, as can be seen in Table 1. Under these condtions
approximately 6% of al fibresin all of the RVEs arebroken at the paint | and at the pant J 15% arebroken. The
role of the viscoelastic nature of the matrix is cleaty demonstrated uncerlongtemn loading.

Table 1
Numbers of all possible fibre breaks in the RVEs and percentage of all possible 32plets under
monotonic loading and also sugained loading, to different percentages of the monotonic failure load,
for a simulated period of twenty years followed by loading to failure

Monotonic loading conditions
Fibre breaks within all RVEs Percentage of all
(%) possible 32-plets (%)
844 6.65
Sustained loading conditions then taken to failure after a simulated 20 vears
Sustained load level as Fibre breaks within all RVEs Percentage of all
percentage of monotonic (%) possible
breaking load (%) = stress 32-plets (%)
(MPa)

1.0 %/ 29 MPa 13.19 11.46
2.0 %/ 58 MPa 13.26 11.52
3.0 %/ 88 MPa 13.38 11.64
4.0 % /117 MPa 1341 11.69
5.0 % / 146 MPa 13.56 11.82
10.0 %/ 292 MPa 14.03 12.29
20.0 %/ 584 MPa 14.11 12.37
30.0 %/ 876 MPa 14.44 12.72
40.0 %/ 1168 MPa 14.66 12.94
50.0 %/ 1468 MPa 15.18 13.42
60.0 %/ 1753 MPa 16.13 14.29
70.0 %/ 2045 MPa 18.34 16.32
80.0 %/ 2337 MPa 21.58 18.29
82.0 %/ 2395 MPa 17.00 15.43
84.0 %/ 2454 MPa 20.83 17.99
86.0 %/ 2512 MPa 17.12 15.57
87.0 %/ 2541 MPa 15.82 14.52
88.0 %/ 2570 MPa 15.62 14.38

Time to failure

The acaimulation o damage as identified above cleaty takes the composite towards ultimate fail ure and this
can be quickly demonstrated byloading undirediona cabonfibre epoxy spedmensto neartheir monaonic tensile
failure load. Figure 4 shows the failure of such spedmens loaded to 96% of the bre&king load. The spedmens
showed a range of lifetimes refleding the stochastic nature of failure in these spedmens. Similar testsat lower
loads show a quickly increasing time to fail ure so that these testshave been simulated using the above mentioned
model. Figure 5 shows that as the loads are reduced the times to failure quickly increae as does the scater
predicted in thetimeto fail ure (5). Theseresults raise the posshilit y of definingloadinglevels below which fail ure
becomesincreaingly unlikely andit becomes paossble to identify a minimum safety factor based onthe intrinsic
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Figure 4. Acoustic emission monitoring of damage accumulation in unidirectional carbon fibre composites loaded in
the fibre direction to 96% of breaking load. The specimens broke over a range of lifetimes from around one hour to
fourteen hours
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Figure 5. Lifetimes of unidirectional carbon fibre composites loaded to different fractions of ultimate breaking load
showing how the lifetimesincrease as does the scatter in lifetimes asthe loads are reduced
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charaderistics of the comporents making upthe composite. This does nat include other passble damage processes
such as manufacturing faults or poa handling. Fail ureis a probabilisti ¢ processsoit is nat logicd to say that fail ure
can never occur but themodel can be used to cdculate loading condtionswhich lead to astatisticd value of failure
which would predudein-servicefail ure overlifetimes much greaerthan those required. For this reasonthe model

has been used to cdculate the load level at which a probability of failure of onein amillion owerfifteen yeas and
also ower ore hunded and fifty yeas. When these studies areextended to even lower probabiliti es of failure it

bemmes clearthat the intrinsic safety factor for these cabonfibre composite structures lies between 1.4and 1.6.

Conclusions

Modem computingtedhniques have all owed the kinetics of damage acawmulationin advanced compasitesto be
asceltained. It has been shown that, in the case of catbonfibrereinforced compasite structures, in which the fibres
aresubjededtotensileforces, asin uridiredional andintemally filament wound pessure vessls and [dpes, damage
is initially randam onloading. When the composites areloaded fibres bres at weak pants and these bre&s are
randamly distributed throughou the structure unlessthereare patticular stressconcentrations. During monaonic
tensile testsa paint is readied where clusters of fibre breaks begin to acawmulate and failure occurs quickly
afterwaids. The number of broken fibresis smell with orly around 4 @ 5% broken, o all the fibresin the RVEs
making upthe structure, when the observable paint of instability is readed. Under sustained |oading, which can be
over periods of decales, the viscoel astic nature of the matrix matena inducesincreaingstressesinintad fibresin
the neighbouhood d fibre bregks and these provoke delayed fibre bregks often in clusters. Underthese condtions
the composite experiences|ower stresses than at fail ure in amonatonic tensile testand can suppat the presence of
clusters of fibre bre&ks, at leastfor sometime. Thecriticd damagelevel in such compaosite structures after prolonged
loading hes been shown to be approximately twicethat which causesfail urein monaonic testswith around &% of
al fibresbeing lroken at the observable pant of instabilit y.

The quantification d criti cd levels of damage under bah monaonic and sustained loadingall owstheidentificaion
of criticd damage limits which have been used to identify intrinsic safety factors for composite structures. In the
absence of manufacturing defeds or damage caused by mishandling it has been shown that the present safety
factors areexcessive and could be reduced.
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