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EXECUTIVE SUMMARY

Due to ther high strength and stiffness-to-weght ratios, laminaed composite maerials are
increasinty beingused in the aerospace industridiowever, due to the lack dhrough-the-
thickness reinforcement, strudures made from these maerials ae highly suseptible to falures
causal by ddamindion gowth. Theefore in orde to maimize duraility and damage
tolerance, a structure’s resistance to delamination should be addressed within theroesss.
By gaining an understandingf what causes delaminations to initiate amawg a predictive
methodolog can be developed and usedd®sigiers to select structural configitionswhere
the propensityor delamination is minimizedin addition, such a predictiveethodolog would
be useful for assessirtige criticalityof service-induced delaminations that have been detected.

The current,state-of-the-art methodolgdor predictingdelamination gowth is lackingin three
respects. First, it is exremelylabor intensive, both in terms of man-hours and computational
effort. For this reason alone, the aerospace industsy been reluctarib adoptit. Second,
experimentalverificationsof the methodolog are almost nonegtent. Third, and perhaps most
importantly the methodologthat is used for laminated composites is primaxitarryover from

tha usa for meaas. However, the mechanisms th& occur during ddamingion growth in
compositesare often quite different from those that occur durirggack propagion in metals,
andin certain instances the current approach is not appropriékés issue is not @perally
recoqiized, however, presely because htere has notbeen a great deal of experimental
verification of the state-of-the-art method.

This report describes a predictive methodgltoy delamination gowth that overcomes all e
above drawbacks of the state-of-the-art approdgéhst, the method is simple to implemédat
mostprectical geomdries. Due to this simplidty, alarge numbe of locations @n be examined

for the propensityfor delaminations tor@w. Thus, the method can be applied during desig
process or for discrete danesgound from service usag Secondthe methodhasbeenverified

by anextensiveamount of testing Third, the theorwtilizes assumptions that are consistent with
the mechanics of thegrowth of ddaminaionsin laminaed composits, and failure predictions by
this new methodagee quite well with preliminaryexperimental results.Thus, there is argat
expectationthatthis newmethodolog will provide a powerful tool that can rapidbe integated
into current engneeringenvironments.

This report is eavisiona to bethe first of atwo-pat seies. In this first pat, the theoretica
development of the method is presented, apementalresultsareshownfor a singe material
for a varietyof relativelystandard testepmetries. In the second part, the method vied applied
to other materialsas well as gometries that are more representative of those foundpinaty
aircraft structures.

iX/Xx



1. INTRODUCTION.

Despite the relatively widespread attention gven to theproblem of ddamination in laminaed
composites, sigificant fundamental as well as computational probletik remainwith most
currentapproacheso predictthis failure mode. In order to assess for possible delamination
growth in a gven stuctural geometry, it is generaly acceped that one can angticaly or
numeicaly deerminethetotd stran energy release rate dongaddaminaion front axd ompae
these results, at the agppropride mode mix, to an expeaimentdly dgermined toudiness [1-3].
Here, the term “mode mixs used to denote the relatiypercentags of the model (opening
mode) and modd [shearingnode) components of the total energlease rateHowever, there
are significant problems with this proeedure most notaly in thedeerminaion of modemix and
in theassocated deérmination of bughness. For exanple, for nost practcal geometries, node
mixity deerminaion is an extremely computdiondly intensive proedure and requires very
detailed two- or three-dmensional finite element analses of he crack ipp regon for each
delaminationlocation and loading of interest. 1] Thus, in manyinstances, computational
requirements alone make it relatively imprectical to m&e ddamindion growth sssessmats d a
large number of locations.Additional difficulties involve the definition of mode mixIf a
classical, linear elastic fracture mechanics definition is adotitedfor mostcasesof practical
interest whee ddaminations ocur baween plies with dissimila orientations,a modemix based
on conventionaknery releaserate (ERR) components cannot be defindd. these instances, a
linear elastic andysis tha modds individud plies & equivdent homog@neous layers will predict
tha an osdllatory stress singlarity exists a the ddamination front. This osdlatory field
complicates the implementation of apsedictive methodolog Finally, evenif onechoosego
go forward and d performthe necessargonputations, recentexperimental evidence[3-6]
indicatesthat a predictive methodolggusing ERR and the singdar field-based definition of
mode mix may be inaccurag for many fibrous corpostes. This is because @ny conpostes
exhibit large damage zones in thevicinity of theddamination front, in whid case the concept of

a singular zonedoesnot apply. Thus, it is observed eerimentallythat the tougness of most
laminatedcompositess dependenuponthe type of loading however, for use in a predictive
methodolog, the singllar field-based definition of mode mix often not appropriate.

In this report, an emgeeringmethodolog is described for use imaking delaminatiorgrowth
assessmentsn laminated composite structures. The methodolog contains two primary
components. First, the toughnessversusmode mixrelation, and the definition of mode mix
itsdf, is determined experimentdly. The ddinition of modemix tha is soudpt is theonetha,
when appliedto all experimental results, produces a $@galued tougness versus mode mix
curve. That is, the definition must be such that differgeametriesthatarepredictedio be atthe
samemode mixdisplaythe same toumess. The mode mixdefinition is found from the results
of a seriesof delaminationtoughnesstestsand is obtained within the construct of a crack tip
element andysis. This gproah dlows for the possibility tha the singular field-based
decomposition is vhd; it also dlows for the possibility tha an aternaive definition is valid.
This dternative ddinition is based on parameters tha uniqudy deine theloading at the crack tip
but which are insensitiveto the details of the near-tip daneagThe second component of the
methodolog described herein consists of armhg the structure ofinterest and assessing
delaminationgrowth. This is also done usinttpe crack tip element analy and incorporates the



experimentallydetermined definition of mode mixNote that this approach obviates the nied
locally detailed two- and three-dimensiona finite eement anadyses.

2. CRACK TIP ELEMENT ANALYSIS.

2.1 TOTAL ENERGY REIEASE RATE.

Consder the crack tip element of figure 1. This element is assunad to representa hree-
dimensionalportion of the crack tip regon in a @neral interfacial fracture problemlt is
assunad thatthe crackiles localy in the x-y plane atconsént z. The crack frontnay be staight
or curved; however,the kength of the eement in the y directon is assurmed to be suffcienty
short sub tha thee is no sigificant vaiation in theloading and in the orientation of the edges
of the ekment with respectto y. It is further assured that the kengths of he cracked and
uncrackedregons conprising the element are brge with respectto their thicknesses buare
sufficiently smdl sud tha geomeric nonlinearities ae negligible. Thus, ¢assial plate theory
(CPT) may be used o predct the overdl deformations and sain energes of he eement The
derivation bdow esseantially follows thda which is presented in rdference 1. For simplicty of
presentation, it is assumed that the element is in adstptanestressor planestrainwith respect
to the ycoordinate direction.The three-dimensional analy is describedn reference7 andis
presented in ddail in reference 8. For later usewithin this rgort, somespeific resultsfor the
three-dimensional case are taken from reference 8 andvarefgllowingthe derivation below.

FIGURE 1. CRACK TIP ELEMENT AND LOCAL LOADING

In classcal plate theory, defornmations are defied entrely by midsurfacestrains and curvaures.
For the uncracked padn of he ekment the equabns reéting these ndsurface shins and
curvatures to the load and moment resultantsiasndy

N = /A °+ Bk
(1)
M=8E °+Dk
Or, in their inverted form
e°=A'N+BM
, , (2
kK =B'N+D'M



wheree® is thestrdn in the x direction and K is the phte theorycurvatre (=-9°w/dx?) of the
uncracked regn. N and M are the load and moment resultgsunit width, respectivelyand
aredefinedpositiveasshownin figure1. The couplingmodulus, B and compliance, Bwill be

zero for problems in which thencrackedegon possessesidplanesynmetry A homogneous
materialis one special caseHowever, it maybe that laminated composites do not possess
midplane sypnmetryand will therefore have nonzero couplicagfficients.

For theregon abovethe crack plane (plate 1) or below the crack plane (plate 2), the midsurface
strains and curvatures are related to the load and moment resultants by

N, = Ag’ + Bk, i=12

M, =Beg’ + Dk, i=12 (3)
Or, in their inverted form

&’ = AN, + BM,, i=12

K, = BN, + D'M,, =12 (4)

whereg;® is themidplane strdn in thex direction in plaei, k; is the curvatirein the x direcion
of plate i,and N;, N, M1, and M are positive as shown in figire 1. The subsdipt i is not
summed in equations 3 and 4.

It has been showrl] 7] that the lbading on the cracktip element which producesthe stress
singularity canbe fully charactrized in terms of a concemated crackip force, N, and moment,
M. Theconcentratearacktip force and moment are found bwyforcingthe condition that the
displacements of the upper and lower plates be compatible thiermgack plane over -b <«O0.
The ERR of the cracktip elementis obtained hroudh a nodified vrtual crack cbsure nethod
and maybe exressed in terms ofNand M, raher than thefour indgoendent quantities Ny, Np,
M1, and M. This gves [L, 7]

:%(clch+c2Mf+2 clczNCMcsinF) (5)
where sinF=—22_ (6)
CGC,

andl” has been introduced for later ugdso,

2 142
¢ = A+ A+ B~ Blt, + il D2

4
c, =D, +D; (7)
Dit, Dt . o
=—22_"l1_B-B
C.LZ 2 2 Bl 2



The concemtaited crackiip force and mment are gven by

Nc = _Nl + aﬂN + alZM (8)
N,t t t
d M =M., -1+ 11 _ + oY1 _ 9
an c 12%—%@%—%@1 9)
where
AA+SL§fE'
:AiB’+B_Alt2:
(10)
BlA+B) BltZ'

e _mz
—a8+@1 .

e

and t and t are the thicknesses of plates 1 and 2 as shownurefiy

2.2 MODE DECOMPOSTION ACCORDNG TO THE CIASSICAL DEHNITION.

To decomposédhe total ERR, equation 5, into its modand modell components, G is first
related to the modulus of the in-plane compdéress-intensityactor, K. Next, K is written in
terms of N and M. Since this expression must be linear, two unknown constants of
proportionalityare introduced.These maye determined, apart froephaseande, by equating

the expressiorfor G gven byequation 5 to that obtained when G ip®ssed in terms of K and

K is expressed in terms ofind M. This gives thefollowing expressionfor the stress-inteasity
factor [1]

= %f—%coshns(mc c + MC\/Ee‘r)L’i‘EeiQ (11)
11

Here, Qis ayet-to-bedeermined modemix paameter and €is the bimaterial constantivgn by

EaizE @

which vanishesnvhenthe material properties immediatefbove and below the crack plane are
the same. In this case, the stress field is found to have an inverse-square rootasing
whereas when#f the singularity is pralicted to beosdllatory. [1] Notice tha =0 when[3=0,
wheref3 is a gneraliation of one of Dundurs’ parametef for isotropic materials and given

by [1, 10]



B = ((suso) + 5], - [s:50)* + s JHaHa) (13)
where Hyy = v (s.sa) ) + V(s ) (14)

and Heo = Prr (s.80) ) + prr(s.8)7, (15)

The subscripts 1 and 2 used outside the square bracketserptieesiondor 3, Hii, and H3
refer to the materials immediatedpove and below the crack plane, respectivatythe caseof
laminated materials, these are the two plies orgobups boundinghe delamination. The
nondimensional parametexsand n are igen by

A= 5%33 (16)

and n=[10+p)}* (17)

where pP=% (2513 + 555)(511533)_}/2 (18)

Material compliances are defined in the conventional senseastlia¢ stress-straimelationsfor
either material (immediatelgbove or below the crack plane) are assumed to be of the form

£ =80, (19)

Standard contracted notation is usgd.] Using § as defined in equation 19vgs plane stress
results; plane strain values are obtaineddpyacings; by sj, where

§ =5 - %% (20)

To decompose the stress-intengdygtor, equation 11, intds model and modell components,
the followingdefinition is usedq, 12]

KL =K, +iK, (21)
where L is a fixed dimension that does not scale with thee it the body and is usedfor

fracture charactera&ion of that interface 1] 12] Usingthe above definitions, the in-plane phase
angde of the stress-intensifgctor, or mode mixy, y, is gven by

tany = K% (22)

Guided byequation 21, the modeahd modellERRs are iyen by[1]



G, :%[— NC\/Esinf)+MC\/§cos(§)+r)]2 (23)
and G, = %[NC\/ECOSQ +M_,/c, sin(fz + r)] 2 (24)

where Q is defined as

Q=Q+g|n§5{% (25)

In equations 11, 21, and 25, is a fixed dimension, regrdless of the bodyeing analyed,
whereasL is a characteristiadimensionthat scales with the bodyEquation 25 ensures that
equations 11, 21, and 22 will predict the cormacidemix for thosecasesvherean oscillatory
singularity exists. That is,Q isdetermined for a spetiic crack tp elementgeometry and & based

on the charad@ristic dimension L. The scahg of Q given byequation 2%ensureghatthe same
Q will predict the correct mode mix for abitrary loadings of a geomdrically similar dement
with different absolute dimensiond][ Whene#0, an osdllatory singularity is pralicted, and G
and G are dimensionallyconvenient gneralizations of their classical definitiontie use of
these parameters in crack growth problens is simila to theuseof the complex stress-intasity
factor. Whene=0, an inverse-square root suigrity is predicted and Gand G retain ther

classical definitions.Also, wheng=0, Q = Q (cf. equation 25) and for notational purposes, it is

convenient to make this substitution in equations 23 andR&gprdless of the value o), the
sum of guaions 23 ad 24 will dways equd that given by equdion 5.

If the precedng anaysis is carried outin three dimensions B] and he wo cracked and one
uncracked reign of he ekment are spedilly orthotropic (A1 = Azs = Bj = Dis = Dg = 0 in
conventional 11] notation), then the modi ERR, Gy, is obtained as3|

Gy =2 (N’ (26)
11
where G=—+— (27)
Aéﬁ A\SZG
1
and NY = -N:+ %(Né +NZ) (28)
6

In equations 26, 27, arB, N is the second concentrated crack tip force, which acts in the
plane of N but perpendicular to it, that arises fthiree-dimensionaproblems.[7, 8] The
superscripts 1, 2, and u in the above equatindgate that thesevaluesare for the cracked
regon that is above the crack, the crackedaedoelow the crack, or the uncrackedioeg
respedtvely. Also,Ags and N are defined usintheir conventional definitions for in-plane shear
stiffnessandshearforce perunit lengh, respectivelyfor a laminated platel]l] It is pointed out



that a more eneral eypressionfor G;; has been dered [8] where he redtictions of speall
orthotropyare removed. However, only the spesially orthotropiccase will be consideed heein,
and for this reason the considerablgre complicatedaperal equations are not presented.

2.3 ALTERNATIVE DEHANITIONS OFMODE MIX.

In the precedingsubsectionan assumptionof a near-tip singlar zne was made for mode
decomposition thawas not neessay for thedeermindion of totd ERR. Raher, for totd ERR
it need onlybe assumed that classical plate thewmryappropriate for determiningar-field
stresses, strains, and strain eresgThus, one could obtain G, and also choosdetmomposéd,
without assuminghat a singlar field exsts. Sucha decompositiorcould be accomplishedfor

example,by choosingan Q that does not coincide with the sutgr field-based value and would
partition the total ERR into non-classical moderid mode Il components. This issueis
discussed below.

For thoselaminatedcompositesvhere the assumption of a sitgr zone applies,f) may be
chosensuch hat the crack ijp element (CTE) and he chsscal, singular field (SF) soltion

coincide. A method for doinghis is described in references 1 and 13 and tabulesedtsfor Q
for a variety of crack tip element geomedries are presented in rderence 1. It will be shown in

sections 3 and 4 of this report that, whénis chose in this mane, the CTE prelictions
coincide quite closelto the finite element ) resultsor problemswhereinverse-squareoot as
well as osdllatory singularities exist. Problens whee the SFbased goproah is vdid to predict
delamination gowth consist of those materials, structures, and loagaoghetrieswhere the
lengh of the near-tip processorze is small comparetb the radius of the singular zone.
Typically, this ldter radius is seled by the smdlest dharacteristic dimension inthe problem,
which for unidirectional laminates i®gerallythe thickness of one tifie crackedregonsandfor
multidirectiond laminaes is generaly thesinde ply thickness.

When the sie of the processane isnotsmdl compaed to thesmadlest daracteristic dimension
in the problem, then the concept of a silag zoneno longer applies. Thatis, the expressiongor
the near-tp stressesstrains, and dsplacenent fields may be qute differentfrom those gven by
thecdlassia SFbased result; thus, theSFmodemix is not appropride for these cases. It is likely
that different gometries that this method predicts to dethe samemode mix will display
different toughnesses.When this occurs, a different definition of mode mig required. This
definition shouldreflect the dependence of tohigess on the remote loadiig such a manner
tha different geomdries tha are predicted to bea the same mode mix display the same
toughness. The concemtted crack ipp moment, M, and shear forces,.Naind N, which are
computed as part of the cracktip element anal/sis appear @ be wel-suited for this purpose.
These quantities do notdependon the existence of a singar zone, theycan be used to directly
expressERR, andthey are notaffeced bythe nearip danage state. However, he concentated
crack tip moment and shar forces have different units. Thus, if thee quantities were used
directly, i.e., byexpressingG; as G(NJ/M¢), then theresulting toughness vesus modemix curve
would be sensitive to changes in geomdry and theefore would not besuited to daracterizing
crack gowth in a manner that would be usefubipredictivemethodolog. If adimension(such



asasinde ply thickness) were introduced to nondimensiomahZM., there § no guaranee hat
this ratio would provide the desired result.

A better approach, and in the same spirit, is based on equations 23 amtaP4ffectivevalue
of Q (usedhere in lieu ofﬁ). The effectve Q provides the necessasgalingnormalization for
the influence of WM. and comdins he soltion with a shgular 2ne as a spedli case. As
enery release rate, equation 5, is independeif? ahd the eistence of a singar zone, the key
issueis whether an epresson for Q can be obtained that will account for the dependence of the
toughness on theepmetry of the near-tip ragn (layup, stackingsequenceand delamination
location) and its lo@ loading. This dfective vdue of Q, used with equations 23 and 24, will
resultin anon-classicapartitioningof thetotal energ release rate that is implicitlyased on the
ratio of N/Mc. The implicit, rather than explicit, dependence on NJ/M. is primaily dueto a
currentlack of understandingf the exact phgics controllingthe conditions for the onset of
crack advancein this type of a naterial. As such, atpresentthe effectve valie of Q (or Q-
effective, as may be used subsequentigan onlybe obtained gerimentally A method for
doingthis is described and illustrated in section 5.4.2.

Finally, it is pointed out that, for those materials with small procesesz, use of2-effective
may be usal to circumvent the prectical problens assocated with the osdllatory singularity.

That is, amodemix ddinition based on thesingular osdllatory field is a specia case of the Q-

effecive approach. The =0 approach, which has been proposkd1l] for materialswith

relatively small process anes for predting delaminaion gowth at interfaceswherethereis an

osdllatory singularity, is dso a speia case of the Q-effective approach. As such, the
determination of an ffective for use with the CTE equations is a robust methoga@ondcan

be used for gneral application without regds to the procesme siz or the existenceor nature
of the singllarity.

3. EXAMPLE PROBLEMS IN TWO DIMENSIONS

3.1 INSTABILITY-RELATED DELAMINATION GROWTH.

The problean of instability-related growth of a throudh-width ddamingion ma be solvel
analtically by usng a dobal cylindrical bucking anaysis along with a local cracktip element
analsis. [15] Figure 2 shows a cross-sectional viefaa laminatecontainingtwo delaminations.
These ddaminations are assume to be located symmdricaly with respect to the laminae's
midplane, andhe laminak is assumed to be mdplane synmetric. The deéminaied regons,
definedto be the regpns bounded byhe delaminations and the laminate free surfaces,anay
may not be symmetric about their local midplaneslhe delaminations are assumed ttead
throudh the entire width of thelaminae and thelaminae is esssumé to bein a stae of plane
stressor plane strain with respect to thecpordinate direction.Note that as the base req,
defined to be the portion of the laminate boundethkytwo delaminations, becomesry thick,
the presentproblemdegenerateso the commonlyconsidered thin film gpmetry [16, 17] It is
assumed that for all cases beiognsidered, the delaminated i@t have slendernesatios
which are lar@ compared to that of the baseioggand that under applied compressive load or



displacement, local instabilities that occur in the delaminatadinegre not accompanibg any
assocated bendingor instdility in thebaseregion or dobd laminate.

———
P X P
—— Z \ [———————————

A

Delaminations

FIGURE 2. CROSS-SECTIONAL VIEW OF LAMINATE CONTAINING TWO
SYMMETRICALLY LOCATED DELAMINATIONS THAT ISSUBJECTED TO
COMPRESSIVE LOADING

For a specfiedvalue of globaly appled load or dsplacenent the defornatons and dcal force

and momentresultantsin the delaminated and base itegg maybe obtained by cylindrical
buckling anahsis. [15, 17] The postbuckled laminate appears as shown urdi@a,with all
internal force and moment resultants shown in their positive conventionadtilne in-plane
forces are compressive in this problem and thereforeeterseof thoseshownin figure 3a).

The right-handedge of the laminateof figure 3a corresponds to the center of the delamination.
Thus, by symmetry the load resultants ithe delaminatedand baseregons, N,° and N®
respectively act in the horizontal direction. These resultant forces, as well as the resultant
moment in the delaminated ieg, M°, and its center-point deflection, ,Vdre given as a
function of appled load or dsplacenent by the cyindrical bucking analsis. By symmetry, the
moment in the base riem is zro.

t, .
/Jﬁ%, \o
X
w +
. 4
NXP — t, —— NXB

FIGURE 3a.POST-BUCKLED CONFIGURATION



Figure 3b showsthe crack tp elementand bcalloadng. The eementis assumad to be cutfrom
the laminake very nearthe crack tp. Note that minor nodificaions b the crack ipp element
formulationdescribed in section 2 need to be made to enforce thmelyy constraints. The
crack tip element anadig is linear; all nonlinearities in the problem are accounted fathby
loadng on the eement Thatis, a conparison of figures 3a and 3dicaes hat the loads,N,
N1, and N, and moment, Iy} acing on he crackip elementare gven by

B

N, =N N,=—x  N=N+N, M, =M, -NW (29)

X

Substitutingtheseloadsinto the crack tip element equations provides an arlymethodoloy
for determiningmixed-mode enesgrelease rates as a function of the applied far-field loading

tlj Ml

FIGURE 3b. CRACK TIP ELEMENT AND LOADING FOR DEIAMINATION BUCKLING
PRCBLEM

Figures 4aand 4b preent compaisons for tothenergy release rate and moderatio between the
crack tp element analsis and a gometricaly noninear fnite element anaysis. [15] The
geometry is a[0./90/Q;]3s graphte/epoxy laminake with debminaions atthe interfaces beween
the 5" and &' and 2%' and 28 plies. The delamination lertf, a, is equal to 50.8 mandthe
laminate lenth is 146.0 mm. The laminate is assumed to be in a stdtplanestrain. The
horizontal axs, denoted as applied compressive strain, is the deformation af dheloaded
ends of the laminae (the center-point is @&sumé to be fixed with respect to in-plane
deformations) divided bthe laminate half-lerth. The value ofQ used i the crackip element
equations was 14.6° and was foundablnearfinite elementanalysis of the cracktip element
geometry. Notethat since dedminaion gowth occurs at 00 interface, he stess sngularity in
this problem obeya classical inverse-square root relation.
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FIGURE 4a. COMPARISON OF TOTALERR FOR A 0,/90/0,]3s LAMINATE
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FIGURE 4b. COMPARISON OFMODE RATIO FOR A [0,/90/G,]3s LAMINATE
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Note from figures 4aand 4b th& essantidly the same vdues of energy reease rate and mode
ratio are predicted bthe crack tip element and finidementmethods. The enery releaserate

is sen to be predominantly modell with the ratio G,/G inaeasing with increasing applied
compressivestran. As theapplied stran continues to incease, G,/G -1, this is followel by
crack face comtct Both the finite element and cracktip element anal/ses predict crack face
confactto occur athe sane value of appled stain (for the crackip elementanal/sis, this occurs
when K < 0). To obtain energrelease rates begnd this point, crack face contact constraints,
alongwith an accountindpr frictional effects, are required.

In this ad othe similar examples showing the corrdations béween aack tip dement and
nonlinear finite ement andyses for the instaility-related ddaminaion gowth problen [15],
the utility of thecrack tip dement gpproah is dear. Only asinde, linear finite e ement andysis
needbe performed to obtaiQ; theeafter, dl results ae geneated andyticaly. For certain
specfic probems, no fnite element analyses are requed, as lte valie of Q may be taken
directly from reference 1. Conversely the nonlinear finite element model contained
approxmately 13,600 ¢pbal degees of freedom and wastexmelytime-consumingo develop
andrun. The use of the crack tip element argdy alongwith an appropriate med-mode
delaminaion gowth law, has been show accuratly predct the onsebf delminaion gowth
in instability-related delamination rgwth e)xperiments on honepmb sandwich panel
laminaes. [18]

3.2 FREE EDGE DEIAMINATION.

The problemof free edge delamination under combined in-plane, bendisgd/or hgrothermal
loading may also be solved usinthe crack tip element approaci4[ 19, and 20] Figure 5
shows amidplane synmadric laminae with a singe ddamination at its free edge. With reference
to thefigure,theterm“sublaminates’is used to denote the egs bounded bthe delamination
and he lBminat’s free surfaceslt is assumed thatthe dedminaion length, a, s large conpared
to the hickness of éher of he subAmnates. In whatfollows,only casef alaminat subgecied
to hygrothemd loading and/or auniform &ial stran in the x; direction are consideredThe
more gneral case, where benditgads are included, is presented in references 19 and 20.

foov

Delamination

FIGURE 5. LAMINATE CONTAINING A FREE EDGE DEAMINATION
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In order b obain the localcrack tp elementloading, the classcal laminated plate theorysolution
to the uncracked laminate under unifornehstrain or hgrothermalloadingis first obtained. A
transversestressdistribution is obtainedfor which the resultant transverse force; Mnd
moment, M, vanish along thosefacesof the laminae which are defed bya nornal vecor in
the positiveor neative x, direction. Now acrack is introduced at an arbitranterface. In order
to account for the presence of the crack, the resultant transversedondiesmentsalongthe
free ed@ of each of he subdmnats, as wélas he shear and nomhstressesalong the crack
plane, must now vanishlo achieve this, the solution to the problem whbesublaminatesre
loaded bytransverse forces and moments which are equal and opjmogitesewhich aregiven
by the uncracked solution ssiperposedntothe solutionto the uncrackedaminate. For asinge
delamination,this superpositionproblemis the crack tip element; for symetrically located
delaminations the superpositionproblemis a modified crack tip element4, 20] which is
similar to tha usa for the instability-related ddaminaion growth problen. The forces and
momentsin the superpositiorproblemare found by appropriate integtion of the stress field
from the chsscal laminaied phte theory solution for the uncrackedlaminaie and loading of
interest.[14, 19 and 20]Since the ERR for the uncracked laminatea® zthe total ERR and
mode mixare equal to those for the crack tip element superposition proldlémid, and 20]

As an exanple, consder the deerminaion of the energ release ra in a |5/0/-45/00]s
T300/5208aminatewith delaminations at both -45/90 interfacdde laminate is subjected to a
uniform strain, § = 0.00652, in thelgbal x; direction. The value of the eneygelease rate for
various percentagweight gains of moisture and a residufilermalstressdueto a cool down of
-156°Carepresentedn figure 6. Also presented in figre 6 are finite el@ent results taken from
reference2l. As expected,essentiallthe same values are predicte@omplete details of this
analsis are presemt in reference 14.

120 7

100

O Finite element analysis
— Crack tip element analysis
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0.00 0.20 0.40 0.60 0.80 1.00 1.20 1.40
Percent Moisture Increase

FIGURE 6. ERR VER3JSHYGROSCOHRC LOADING FOR A B5/0/-45/904 T300/5208
LAMINATE WITH EDGE DELIAMINATIONSAT BOTH -45/90 NTERFACES
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Next, considerthe case of edgdelamination in a (/+35/90} T300/5208 laminate under
mechanical, themd, and hygrosmpic loadings. Delaminaions ae assume to «ist & both
-35/90interfaces. Due to the dissimilar material properties above and below these interfaces, an
oscillatory stress singlarity exists and individual eneygrelease rate components as found by
finite elementanalysesaredependentipon the level of mesh refinement4| 22] For example,
under a uniformlyprescribed aal strain, the mode ratio, &, in this problem has beéoundto

vary from 0.21to 0.28, dependingipon the sie of the elements surroundinige crack tip. 22]
O’Brien, et al. [21] alsoanalyed this laminate and reported a mode ratio of 0.265 for uniform
axial extension. Other researcher23] have also adopted thigoy of an approach, which can be
consideredhe mode ratio based on a finite crackeesion. This definition of mode ratio may
also be adopted in the crack tip element amalyy choosingf) such hat G/G under uniform

axial loadingequals 0.265; this correspondeigebtainedusing Q =6.38°. L4] A comparison

of the crack ip element and fnite element predctions for his case $ preserad in figure 7.
Theseresuts are for he [0/£35/00]s laminate at a temperature of 156°C less than its stress free
temperatire andsubgcied b a unform axia strain in the x direction of § = 0.00254. Results
arepresentedor variouslevelsof moisture absorptionThe finite element results are taken from
reference 2lexcelent correbtion betveen hese vales andhe crackip ekement predctionsis
observed.

1.0 q

0.8

0.6 7
O Finite Element analysis

/Crack tip element analysis, Q=6.3%
Q=12.04

G/G

041 Crack tip element analysis,

0.2

0.0 T T T T T
0.00 0.20 0.40 0.60 0.80 1.00 1.20 1.40
Percent Moisture Increase

FIGURE 7. MODE RATIO VERUS HYGROSCORC LOADING FOR A P/ £35/90k
T300/5208 IAMINATE WITH EDGE DELAMINATIONS AT BOTH -35/90 NTERFACES

Also presented in figre 7 are predictions lie cracktip elementmethodandthe =0 approach.
In the =0 approach, one of the Poisson’s ratios of one of the materials bouhdimgack is
changd such hat 3, and hence, equalszero (cf. equation 12).This gves an inverse-square
root singilarity. [1] Making this modification, one find€2 = Q =12.04°. 4] For comparison,
underthe caseof pure axal extension (no hgrothermal loadiny this problem has also been
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solved by the FE method and the resin interkyapproach. In this approach, a thin resin
interlayer is modeledaboveandbelow the plane of the cracknterestingy, for pure mechanical
loading, both thef=0 approachand te resn interlayer approach predi G/G = 0.187 14]; in
view of all of the results to date, identical predictionstiiyse two approachegould also be
expeckd for he hygrothermal loading cases.Theresn interlayer approachperhaprovidesthe
most phgically appealingresults; however, this approach suffers from a nuroberawbacks.
These include difficultyin modeling dependence of fracture mode ratio on resin modatas
resin thickness, and a chang scale of the singdar field. [24] Converselythe 3=0 approachs
simple to perform, produces a unique value of mode ratio and, for all problems $tudatd,
produces a mode ratio thatwthin thoseobtainedby theresininterlayer approactfor physically
realistic values of resin thickness and modulR4] [For these reasons, tBe0 approach ray be
preferabé for generaluse.

Finally, one could choose to ghcitly includee-based effects in the prediction of fractura
this approach,one would comparethe complex stress-intensityfactor at a yen mode mix
equations 11 and 22, to the mode dependentritical value. Alternatively, the total ERR,
given by equation 5, maye compared to its criticalalue at the appropriatephaseande,
equation22. To illustrate the accuracgf the ERR and mode mipredictions bythe crack tip
elementapproach,table 1 presemstconparisons of he bta ERR, Gy, and the phase ag {, as
obtained byFE and crack tip element anabs for theproblemof figure 7 undervariousapplied
loads. For simpliaty, theloading is speified in tams of M, and N. The material properties
used in these calculations are taken from reference THe phase aig is defined using

L=L =t,, where 1 is the thicknessof the upper delaminated eg. The FE values were

obtained usinghe modified crack surface displacement method described in referenideel.
bimaterial constant, in this problem equals 0.0361, and the mode pairameter was found,
usingthe technique described in reference 1, t&be17.51°. Excellentcorrelationbetweerthe
FE and aack tip dement results is obseved. All cases show orrdationsin ERR of beter than
1.6% and correlationsof phase ang of better than 1.7°However, due to the laegamount of
experimental data that is necesstoysupport this approach, itligely betterto restrictthis type
of prediction methodologto fracture between dissimilar honesggous materialsl] 13]

TABLE 1. COMPARISON OF CRACK TP ELEMENT (CTE) AND FNITE ELEMENT (FE)
RESULTS FOR ERR AND MODE MK FOR FREE EDGE DEAMINATION IN A
[0/£35/90k LAMINATE

Load N M. FE CTE

Case (KN/m) (Nm/m) Gr (Im’) Y (deg) Gr(J/m) Y (deg)
1 -17.066 0.000 69.54 -72.29 69.23 -72.33
2 -5.144 2.758 70.84 -45.97 71.07 -45.80
3 16.186 5.827 69.05 -1.99 70.12 -1.19

4 28.394 5.516 70.56 42.42 71.03 44.06

5 23.961 1.957 72.64 88.99 72.24 89.07
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4. EXAMPLE PROBLEMS IN THREE DMENSIONS

It is well established that finite width, modeédublecantileverbeamtestspecimensiaveERR
distributions sule tha the ERR is hidnest a the center of the specimen and lowest at its edges.
[25] Recenly, it hasbeenshown R6] thatfinite width, mode | end-nothed fexure speanens
have ERR distributions suchhatthe ERR is highestat the edgs of the specmen andlowestat
its center. Both of these effects hare been shown to becausel primaily by the anticlastic
curvaure of he cracked andrf uncracked ragns. As a resul of thesethree-dmensional effecs,
mixed-mode loadingof finite width delamination toumess test specimepsovide interesting
casesd valdae the crackip elementapproachn three dmensions.

Consider a homameous isotropic test specimen, with Poisson’s ratio equaBisubjectedo
the loading of figure 8. This problen was andyzed by three-dimensiona FE andysis usingthe
commerciallyavailable finite element code Abaqus Version 5.4, licensed from Hilhitisson,
and Sorensennt. Twenty-noded, three-dimensional brick elements wesed. The FE model
had cracked and uncracked icats, a and b respectively figure 8, that were each256 units
long The thickness of each ohe cracked ragns, t and §, was 16 units, and the width of the
entire model, Wwas 400 units.All elements in the model were 8 uniteg inthey direction;
thus, the entire model contained50 elementsacrossits width. The mesh in the-y plane is
shownin figures9aand9b. The meshingechnique in the -z plane was chosen followintpe
recommendations of reference 1 and is shown urdig 9c and 9dThe elementsat the cracktip
arel unit longby 1 unit hidh in the xz plane. All of the elements in the model had I¢mgo-
width, lendh-to-heidht, and width-to-heigt ratios that wereébetween0.1 and 10.0. Two
different loadingcases were considerethe first was for applied endomentsonly (N = 0), and
the second was for applied in-plane loads ¢My= 0). Both theload, N, andmoment,M, are
defined on a per-unit-width basis followingpbnventional plateheory notation [11] and are
assumed to be distributed unifornagross the specimen’s widtliotal energ release ratesere
obtained bythe virtual crack closure technique/| generalizd to three dimensiondn all cases
thatwill be presented, ERR components that are obtainetidyE analyses are normalized by
the ptal ERR for the speanen as obdined bya chsscal plate theory (CPT) analysis. In this
approach, e stain energ of each of e three regons conprising the specmen are first
determined by CPT, th@ summe, and then theresulting expressionis differentiated with respect
to crackarea. For the lbadng where N=0, ssnmetry arguments dictate thatthisis a pure node |
problem, and the modeEIRR gven byCPT is

12M?
G = B (30)
For the badngwhere M=0, a (PT anaysisyields
N2
Gr = oEt (31)

where G is defined as the total ERR (5 6G, + Gy).
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Next, these samtwo probkenms were angized usng the crackip element(CTE) approach First,

a FE model was constructed of the problantilizing nine-nodedplate elementsthat are
formulatedsuchthat the nodes are offset with respect to the midplane of the ele28nfThe
top portion of the specimerof interest figure 8, was modeled usimdate finite elements that are
formulatedsuchthat their nodes lie alongheir lower surface, and the bottom portion of the
specimen was modeled usietements that are formulated such that their nodes lie &haiy
upper surface.The nodes alonghe crack plane, but ithe uncrackedportion of the specimen
were constained to have the sane displacenents. All of the phte theory FE nopdek were
constructed and anagd using COMET (COmputational MEchanics Testbed peog),
provided bythe computational mechanics branch at the National Aeronautics and Space
Administration’s langey Research Center.The planview of all COMET models looked
identical to those presented indigs 9a and 9b.

The COMET models were run under the prescribed loadind the plate theorforce and
momentresultantsvere obtained one element aw@y the models used, this was one unit away
or /16) from the cracktip asa function of y These force and moment distributions were used
to obtain N, M., and N, and these results were substituted into equation@423nd 26 to
obtain the ERR componentsSubsequentlythis will be referred toas the COMET/CTE
procedure.

Figure 10 presentshe COMET/CTE ERR predictions in comparison to the conventional, three-
dimensional, 20-noded brickBEFmodel results for the N=0 loadingERRs in the figre are
normalizd byequation 30.The specimen’s width is taken to beaNd therefore W = 0.0 and

1.0 correspondo the free edges (cf. figure 8). Note that outstandingorrelation is obtained by
the two methods;for a quantitative comparison, the width-averdd=RR as obtained kthe
COMET/CTE procedure is 0.15%regater than that obtained from the three-dimensiofal F
results. Here and subsquently, the term “width-averaged” is usel to rder to the ERR for the
entire speimen width. Since dl of the dements in themodeé were of uniform width (8 unitsin

y), width-averagd valies are snply the averag of al of the localresuts.

Normalized G,

—©-3DFEA
—~COMET/CTE

0.0 0.2 0.4 0.6 0.8 1.0
Width-Normalized Locat ion (y/W)

FIGURE 10. COMPARISON OF CTE AND THREE-DMENSIONAL FE PREDCTIONS OF
G FOR N=0 IOADING
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Figuresllaandllbpresents comparisons of the results for the M=0 loaddRRRs in the figre
are normalied byequation 31. There is no mode ¢omponentto the ERR for this loading
Figure 11a showshe node | conmparisons and evlences eselent correktion exceptin the
regons verynear he free edegs where drge gadients in the plate theoryforcesand conplex
three-dimensiond effects ae obseved. In quantitative terms, thewidth-averaged modell ERR
asobtained bythe COMET/CTE procedure is 1.40%egter than that obtained from the three-
dimensionalFE results. Figure 11b shows the mod# compaison. Note that the correlation
between thethree-dimensiona FE results aad theCOMET/CTEresultsis excellent in the center

of the specmen but becones sonewhat worse nearhte edgs. These errors occur due the
large gradients in Ns that occurin these écatons. [/] In the nunerical resuts that have been
generated to date, it has been observed tha the modelll ERRs as obtained by the COMET/CTE
procedureexhibit errorsin a boundaryregon that exends into the plate for apprioxately two
uncracked m@te thicknesses frona free edg More refned COMET meshesarecurrenty being
evaluated in an effort to better capture the compkxaviors in this boundarggon. However,
for most practical problems of delamination, proity to a free edgis not an issueQverall,the
accuracyof the COMET/CTE procedure for this nei-mode problem is quitgood; it was
found that the width-averagd total ERR as predicted Itlyis method was 2.58% less than that
obtaned from thethree-dimensiond finite eement results.
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5. EXPERMENTAL DETERMINATION OF THE DEFNITION OF MODE MK.

In sections 3 and 4 of this report, the emphasis was on a compariSdit ahd FE resultsfor
enery releaserate and node mx in those naterials and stuctures where a sgular zone exsts.
However, this will not bethe case for many fibrous @mposits. In this eent, it may not be
appropriatefor the dependencef toughness on the loadintat is evidenced bthe material to
be categrized in terms of the classical, sulgr field-basedmode mix definition. In other
words, use of the SHefinition may produce the result that differestructural geometries
predicted to be at the same mode duxnot displaythe same toumess.When this is the casa,
series of egeriments must be run in orderdeterminethe appropriatedefinition of modemix
for the particular material of interesThe methodologthat has been developed is as follo&s |
13]:

a. Fracture tests of midplae symmadric laminaes with midplane ddamindions ae
performed. As will be disausse subsquently, dl of the ddinitions of modemix tha are
examined heein will reduce to thesingular field-based ddinition for these geomdries.

b. Fracure ests of oher laminat types are perfored. These datare reduced usg a crack
tip elementanalysis and various definitions of mode miXhe definition of mode mixs
chosenthat, when used orall test data, produces a pigally consistent, sing-valued
toughness versus mode maarve. It follows that this definition would also hesedin
structural anai/ses for hatmaterial system

In the following subsectionsbrief descriptions are presented of the various test methods used.
Emphasisis on mied-mode /Ml delamination. The methodolog is then illustrated by
application to atypical graphiteepoxy maerial. For compldeness, thedaa geneated as pat of
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this studyare also eamined usinga singular field-basedmodemix decompositiorprocedureas
obtained fromfinite elementanal/ses andhe vrtual crackclosuretechngue.[27] Theaccuracy
of the globd mode decomposition proedure developed by Williams [29] isexamined as well.
Thus, whentiis stated hat a st geometry is anayzed bythe CTE approach,timeansthat the
mode mix hereafter used to denotg/G, is obtained bgombiningequations 5 and 24 tovg

_ [NC\/ECOSQ +M_4/C, sin(Q + I')]2

2 2 : (32)
c,N, +c,M, +2,/cc,N.M_sinl"

<
G

When it is staed tha the CTE/singular field (CTE/SH result isused, it meansthat equéaion 32is
utilized dong with the singular field expression forQ thatis gven in reference 1lt is pointed
outhere that the CTE equations do not account for the effect of transverse shear deformations on
the ERR or modemix, andtherefore the CTE/SBolution will not alwag correspond precisetp
the sngular field soution as otdined byan aternaive approach, suchsthe finite element (FE)
method and the virtual crack closure technique (VCCIMhus, in whatfollows, four different
solutionsareexamined: (1) the FE resu| which is likely closestto the exactsingular field-based
result (abbreviated as thdef/SF result); (2) the CTE/SIkesult; (3) the CTE/nonsinglar field
(CTE/NSH result,where equation 32 is used alongth an effective value of2; and (4) the
globd modemix decompositionproceduredeveloped by Williams. [29] For gproahes (2) and
(3), it is emphased herethatQ is a function of gometryonly. Thus, onlyone value maye
used for anygiven specimen pe (stackingsequence and delamination locationOnly
unidirectiond laminaes will be examined in theexample daatha is presented.

5.1 TEST METHODS USED:CENTER-DEIAMINATED SPECMENS.

In orde to ddermine the vaue of Q for the laminaes with midplane ddaminaions, ©nside a
double cantilever beam (DQRest, as shown in fige 12. Any reasonable definition ahode
mix would certainly conside this to bea pure model test. For this loading and speimen
geometry, equations 8 and 9 indicate that /& equd to the moment in dather cracked leg a the
crack tp and N = 0. In order for G = 0, equation 32igldsQ = 0. That is,Q = 0 for any
midplane symmetric laminate with a midplanedelamination. I] Thus, the first part of the
expeaimentd proadure consists of usingymmeric speimens with midplae ddaminaions to
determine the toudmess versus mode mielation. The mode mixmay be obtainedoy FE
analsis, by the CTE analysis with Q = 0, or bytheandysis of Williams. [29] Smadl differences
between the various methods will be obtained duthéddifferent ways that transverseshear
deformations are accounted fofhe test methods that were used in this sardydescribedn
thefollowing sections.
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FIGURE 12. THE DOUBLE CANTILEVER BEAM TEST

5.1.1 Double Cantilever Bam Test

Double cantilever beam tests miag used to determine the modealcture tougness. 30] The
toughnessmaybe found from the load and deflection datacbynpliance calibration bysingthe
fundamental equation between ERR and the derivative of complidbke [

2
2B oa

Here, B is thespeimen’s width, C is its ompliance, and ais thecrack length. Compliance as a
function of crack ength may be obgained for each spemien from the sbpe of ts load versus
deflection data.The method of least squares can be tsedrvefit thesedataandto obtainthe
coefficiensr and nin the equabn

C=ra" (34)
Substitutingequaion 34 into gudion 33 yelds

_ NRJ,

GIc -
2Ba

(35)

where R andd. are the load and deflection, respectiyalythe onset of crack advance.

5.1.2 End-Notched Fexure (ENB Test

Figure 13 presentsa drawingof the ENF test B2], which maybe used for the determination of
Gic. The ENF is recommended ove otha modell tests, subh a the end-notdhed cantilever
beam[3, 4], becauseni the former case comliance calbraion canbe usedto reducethe dat.
Thatis, it is preferable to use test methods where one does not have to massamyptions
aboutmaterialproperties in the reduction of data to obtag(&thoud this is unavoidable in the
determination of mode mjx The procedure described in reference 33 bwysed to determine
the crack lentp, a, and half-span letiy L, for the ENFtests, and data reduction mbag
performed bycompliance calibrationDue to possible lagspecimen-to-specimerariations,it

is recommended hat a conpliance versus craclethgth curve be deveped for eactspecmen
thatis tested.[34, 35] To this end, each specimen mbg loaded to appraxately 50% of its
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predcted fracure lbad atfive different crack engths. Theseinclude the cracklength at which
the fracture test is to be performed and two shorter and twerltamgths. The cracklengh may
be adjusied by placing the specmen approprately into the est fixture. At any given crack
length, the compliance is obtaned from the slope of a linear least squaes airve fit of the
deflecion versusdad dad. Next, a conpliance versus cracletgth curveis obtained,for each
speimen, byfitting a cubic polynomid of the form

C=C,+Ca+Ca*+Ca’ (36)

to the compliance versus crack lémgata. When thisapproachs adoptedasopposedo using
a lower orde polynomid), it is important tha onesaeens theresulting arve fits to ensuretha
no inflection pointsexist. When this occurs, it indicates tha thee is an aror in oneor moreof
the compliance values and compliance tesbinpat specimen should be repeated.

FIGURE 13. THE END-NOTCHED EEXURE TEST

Substitutingequaion 36 into guaion 33 and evaluding this epressionat the onse of crack
advance welds

2
G, = % (C, + 2C,a+3C,a%) 37)

where Ris the load at the onset of crack advance argltBe specimen’s width.

5.1.3 SymmetricallyDelaminated Sing Leg Bending Test

In orde to usecompliance calibration to reduce as mud of thetest dda as possible the sinde
leg bending(SLB) test maybe used to determine tdugess at an intermediateoderatio. The
geneal SLB test is illustraed in figure 14; theterm synmdric SLB (SSLB) will beusel at times
to distinguish the case wherg £ t;, and unsynmetric SLB (USLB) will be usel at times for the
case where;t# t,. A finite element anaysis of the SSLB geometry resuts in G,/G = 0.4; the
exact result depends on the material properties and theemsegy (L/a anda/t). [36,37] A
CTE andysis or application of Williams’ modedecomposition proedure [29] yidds G/G =
0.43. Toudhness values for the SBltest are obtained biyompliance calibration in an identical
manne to thd useal for theENF test.
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FIGURE 14. THE SNGLE LEG BENDING TEST

5.1.4 Mixed-Mode Bending Test

The mixed-mode bendindMMB) test B8, 39] figure 15, maybe used todeterminethe
toughness of thesynmerically ddaminaed speimensat additiond moderatios. Theprocedure
described more completely reference 40, is to use the MMB test at moderatios, G,/G,
approxmately equal to 0.2, 0.4, 0.6, 0.8, 1.Mependingon the shapeof the G; versus G/G
curve, it mayalso be desirable to perform MMBsts at a mode ratio of appnmately 0.9. An
extensive studyevaluatingthe accuracyf data reduction methods for the MMB t¢40] has
found that the singilar field expressions for ERR and mode nmaxe most accuratelgxracted
from thetest dda usingthe expressions:

_ 16RR*(a+ xh)’ + (R-2)R’(a+0.42¢h)

G 16B°D (39)
G, _ (R-2)P?(a+0.42xh) (39)
G 16RP*(a+ xh) +(R-2)P?(a+0.42¢hY

Hh Lever Arm

I/Speumen

FIGURE 15. THE MIXED-MODE BENDING TEST

In equations 38 and 39,iB the specimen’s widtAndh is the half-thicknessasdefinedin figure
15. Also, D is the bendingigidity of the uncracked régn, and R is the ratio dhe bending
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rigidity of the uncrackedegon to that of the cracked regn. Details on the determination of D
and R are presented in reference #).and R arethe model and modellcomponents of the
total applied load, P, and are obtained followting orignal superpositiomnalysis of Reederand
Crews. B8] Theyare gven by

p - P(3c- L)Z\C/L (3c, - L) P - P(c+ L)+t/vL c, +L) (40)

where W is the weifpt of the lever arm and all dimensions are as specified umefi5. The
correcton facbr, X, used to obtain an effective crack ldng equations 38 and 39 is defined as

ef
X= E“ 8- 2 o= 1.18—EllE33 (41)
116, H + CD [IE G,

where Ei; is the flexaral modulus in the xdirection, Esz is the Young modulus in the
z direction, and G is the shearmodulusin the x-z plane. Finally, if the CTE analsis or
Williams’ andysis is utilized to obtan themodemix, oneobtans

G, __ 3W

— 42
G 64P°+3P? (42)

5.2 TEST METHODS USED:SPECMENS WITH OFFSET DEIAMINATIONS

5.2.1 Unsymmetric Sinde Leq Bending Test

The USLB testsmay be paformed in thesane mannea as the SSIB tests. The only additiond
consideration is that, for specimens where the upper crackeshrbgcomes thingeometric
nonlinearities may occur and invdidate the useof a compliance calibration (CC) proedure of
datareduction. To this end,one can make two checks to ensure that the CC method of data
reduction is valid. The first check is that the load versus deflection plot ftbefracturetest
itself is linear to fracture. To explain the second check, consider that the tests are run in
displacenent contol. Thus, @ simulates the gowth of a crack atfixed displacenent
Therefore, ti is necessarythat at all crack engths where C is perforned, the load versus
deflection responseof the specimen is linear up to the critical displaceméerbr the crack
lengths shortethan tha at which fracture occurs, this ondition is @sural by thelinearity of the
fracture estitself. For the longer crack éngths, inearty may be veried after the specmen has
fractured. This is done byplacingthe fractured specimen back in thetdpe, adjustingt to the
proper crack length, and hen perforrmg a conpliance €st to that specmen’s critical
displacement.Generally this needbe done onlyfor the first specimen tested and offdy the
longest crack length use duringCC. If theresultis sdisfactory, otha spesimens may be tested

in this same gometry, otherwise, a new tesegmetryis chosen and the process repeated.

For illustration, figure 16 presentsaa gaph of mode miwersus thickness ratio for the Bliest
usingvariousdefinitionsof mode mix The material properties of C12K/R637fapghite/epox
presented in teble 2 weae usal for this figure but little change is obseved if the propeties for
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other tyical gaphite/epoy materials are used.The FE results were obtained usintpe
commerciallyavailable code Abaqus, licensed from Hiblfgrisson,and Sorenseninc. The
finite elementmodelswere similar to thosedescribedn references 1 and 3#or this figure, it
was assumed that+ 2a (cf. figure 14) and a/t = 6.94, whetre t; + t,. For the CTE/SFresults,
the eyresson for Q givenin referencel was used (thergph ofQ versus thikness rdio tha
will result in thesingular field solution is preented in figure 23). Theslight differences between
the CTE and he FE resus are dued the effecs of transversesheardeformatonson the ERR.
Pralictions for modemix by Williams’ goproah ae aso displged. This figureillustrates tha
predictions of mode miky this latter approach can be quite different from thes@&e&tion.

1.00 7
0.90 7
0.80 7
0.70 7
0.60 7

0.50 7

0.40 7

Mode Ratio (G,/G)

A FE/SF mode mix
<& CTE/SF mode mix

0.30 O williams' mode mix

0.20 7

0.10 7

0.00 T U=
-1.00 -0.50 0.00 0.50 1.00
Log 10(t1/t2)

FIGURE 16. MODE MIX VERSUS THICKNESS RATO FOR THE SIB TEST,
L = 2a, a/t=6.94

TABLE 2. UNIDIRECTIONAL MATERIAL PROPERTES FOR C12K/R6376
GRAPHITE/ERPOXY

E«x = 146.86 GPa Ey = 10.62 GPa Vxy = 0.33 Gy = 5.45 GPa
Sinde ply thickness: 1.46 £0* m

As discussed in references 36 and 37, theaeslight dependencef specimergeometry(a/L and

alt, in adition to t/ty) onthe FE predictions for mode mii the SIB test. Thus, in order to
obtan the FE/SF mode mix for use with the test dda tha is presented, FE andyses were

performed for he precse spechen geometries hatwere ested.
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5.2.2 Unsynmetric End-Notched|Exure (UENB Test

The unsynmetric end-notched flexe test was proposed bRavidson and studied by
Sundararaman and DavidsoB87] to evaluate thdracture toughnessof bimaterial interfaces.
However, this test may dso beuse for laminaed composits. The UENF testis shownin figure
17. Figure 18 presents a schematic representation of the deformation of acmemag) UENF
specimen.Figure 18(a) illustrates the cross-sectional deformations that would occur in the upper
and lower materials if the crack were to exist dong the entire length of thespe&imen. These
same cross-sectional deformations are those that would be predicted if the speeimen
analzed using a classcal plate theory (CPT) approach. From the reétive rottions pctured n
figure 18(a),it is observedhatin the phyical problem, the legith the larg@r bendingrigidity
will primarily control theshae of the speimen’s aoss-setiond plane a the crack tip. This is
illustrated in the deormed shae shown in figire 18(b). Due to thephysical maerial continuity
requirements in the problem, notetha the slopeof the thinne leg a the crack tip will be less
than would bepralicted bya CPT andysis. This dso implies tha the percentage of the reaction
force tha is carried by the lower cracked region in thefigure will be greater than a CPT
prediction would indicate. Further, for a homagneous UENF specimen, the above
considerations indicate that a thicker tagythe bottom will resulin crackfacecontactoverthe
mgority of thecrack length. Thus, for # geomdries, it is expected tha a CPT andysis will not
yield highly accurate results and, for honeogous UENF specimens where the lower cracked
region is the thicker of the two, an andysis enforang the contact condition ove mud or dl of
the cracked interface would be required for the prediction of deform&HR, and modemix.
Thus, onlygeomédries whee the thicker leg is on top (& figure 17) will be consideed heae. In
these cases, crack face contact occursiartlye vicinityof the right side support.

FIGURE 17. THE UNSYMMETRIC END-NOTCHED REXURE TEST
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Undeformed cross section

\ Deformed cross section:
\{ CPT prediction

(@)

Deformed cross section:
Actual

(b)

FIGURE 18. DEBRMATION OFA UENF SPECMEN: (a) CLASSICAL PLATE THEORY
PREDICTION, (b) ACTUAL DEFORMATION

For the test daa tha is presented, the mode mix of the UENF test was first obtaned by FE
anahsis. This was also done usintpe Abaqus E packa@. All UENF geometrieswere
analzed usng con@ct constaints betveen he two cracked reigns n the regon of he end
support. To obtain FE predictions for mode mjxthe virtual crack closure techniquasused.
To obtan predictions for the modemix usingthe CTE and Williams’ goproahes, the momaents
in the cracked ragns atthe crackip were frst obtained fromthe finite elementoutput To this
end,theloadtransferrednto thetop leg throudh each contact node was multipliedthgt node’s
distance to the crack tip to obtan thetotd moment a the crack tip in thetop leg, ddined hee as
M; (cf. figure 1). The moment & the crack tip in the bottomleg, M,, was obtained from static
equilibrium consideations. These two momentswere then usel in theCTE and Williams’ mode
mix decomposition proceduresgor illustration, tyical resultsfor the momentratio, M1/M,, are
presented in figure 19g these results wee geneated using the maerial propeties for
C12K/R6376 presented in table 2 and abrgetries were such that+ 2a and a/t = 6.94For
reference, prediions byCPT, whereM1/M, = (/t,)?, are also included As indicated above,
CPT underpredicts Mfor t;/t; > 1 and, as would be p&cted, theCPT solutionbecomesvorse
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with increasing log(ta/t;). Figure 19adlearly illustrates whythe FE, raher than CPT, raults for
M; and M should be used for this test.
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FIGURE 19a.MOMENT RATIO VER3US THICKNESS RATIO FOR THE UENF TES,
L =2a, a/t=6.94

Figure 19b presents the predictions for mode royxthe FE/SF, CTE/SE and Williams’
approachesor the geometriesthat were consderedin figure 19a. It is observedhat the FESF
and he CTE/SF predctions are que close;the diference s due b the effectof transverseshear
deformations. As aresult of thesimilar curvatures of thetwo legs, Williams’ goproah predicts
themodemix for dl test gpomdries to begreater than orequd to 99% modell. Similar to figure
16, figure 19b illustrates that predictions of mode rbix Williams’ approachcan be quite

different from the Sksolution.

As in the caseof the SLB, there is a dependence of predicted results on material properties when
the FE methodis used,and the results of figres 19a and 19b will be dhity different if a
different gaphite/epoy material is usedThere is also a dependemfemomentratio andmode
mix on the specimen and tesognetry Thus, for the reduction of the test data, thackxrack
length, haf-span ength (L), thickness, andhickness rab of each UENFspecmen tested were

used n the FE and diter assoeited anajses.
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FIGURE 19b. MODE MX VERSUS THCKNESS RATD FOR THE UENFTEST,
L = 2a, a/t=6.94

The compliance calibration proedureis dso usd to obtan thetotd ERR for theUENF tests.
However,a modificationto the procedure used for the ENEnd SIB tests is requiredThe first
compliancetestis performed at the lomgt crack lenilp with the upper legf the specimen
trimmedsuchthatit endsjust abovethe richt side support, as shown indigs 17 and 18Each
time the crack length is shorteed (by repositioningthe speimen in thefixture), thetop leg is
trimmed a@in so that it alwagyends just above the support poifthis stepis requiredso that
the CC procedure accurdly simulates the mode of crack advancdf the top leg is not trimmed,
then crack face contact outside of the end support will affect the load transfer between the
specimen legand accurate results will not be obtained (cluriggl8(b)). Thus, the fracture test
is peformed at the shortest aack length tha was usel for CC. To minimizethe possibility of
errorin the CC processeach comliance tst may be perforned twice. Between hese wo tests,
the specimenshould physically be removed from the fiture and then repositioned into place.
The average of these two test results is usé in the redudion of thetest dda. Findly, the
compliance versus cack length daais fit with apolynomid of the form

c=C,+Ca’ (43)

A sensitivity study[40] indicated tha, when evaluaing the deivative of the compliance versus
crack lengh curve at the end of the curve, i.e., atsh®llestcracklengh (asmustbe donefor
the UENF &st), equaiton 43 produced redslthat were nore accurag thanthoseobtained using
equation 36. Conversely when evaluatingdC/da at the median crack lethg equation 36 is
preferable. [34] All CC testsare performed to goproximately 50% of thepredicted aitical load.
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To ensure that CC is valid, the same two lineaitgcks are performed for this test asdore
for the &.B.

5.3 TEST SPEQVIENS, TEST GEOMETHES, AND TEST MATRK.

In this test progam, the C12K/R6376rgphite/epoy material sgtem was used.The C12K
fibers are similar to HTA, which is commonly used with the R6376 resin for aerospace
applications, and the resin ish@mmogneous,singe-phase,thermoplastic-tougened system.
Material and geometric propertiesfor this system are presented in table @nly unidirectional,
[0]+ laminateswvereconsidered.All laminates were fabricated with a 13uM-thick teflon shest

at the appropate locaton o serve as aatter crack. No precrackng was performad; thatis, all
crack advance data were taken directly from thepramplanted teflon stater crack. All specimens
were approinately25 mm wide.

The natrix of tests thatwere performad i preserdd in table 3. The spectic test geometrieswere
choserto (1) eliminate anygeometric nonlinearities—this was done ksgepingthe span lertgs
and aack lengths & short & possible but still severa times the laminae thickness and
(2) eiminate any effect of transvese compression streses nex the center roller on thepeceved
toughness. This latter issuewas addressed tkeepng the dstance bateen he crackip and he
cengr roller, atthe crtical crack ength, geakr than sk specmen thicknesses.

TABLE 3. TEST GEOMETHES

Half- Crack
FE/SF Span Crack Lengths Lengh
Mode Mix Lengh Used for CC at Facture

Test N1/No* (G/G)T L (mm) (mm) (mm)
DCB 16/16 0.00 INNAI 57.5
SSIB 16/16 0.40 63.5 21.6,26.7,31.8,36.8,419 31.8
ENF 16/16 1.00 63.5 21.6, 26.7,31.8,36.8,419 31.8
MMB 12/12 kel 50.8 ---- 25.4
USLB 08/24 0.34 50.8 8.9,12.7,16.5,20.3,24.1 16.5
USLB 12/20 0.36 50.8 11.4,16.5, 21.6,26.7,31)8 21.6
USLB 20/12 0.43 63.5 21.6,26.7,31.8,36.8,419 31.8
USLB 24/08 0.49 63.5 21.6,26.7,31.8,36.8,419 31.8
UENF 25/05 0.72 63.5 27.9, 31.8, 35.6, 39.4, 432 27.9
UENF 20/10 0.89 63.5 27.4,31.2,35.1,38.9,42(7 27.4
UENF 20/12 0.93 63.5 30.5,34.3,38.1,41.9,457 30.5

*  Number of plies inleg I/number of plies inleg 2.

T Using actud ty/t, from test sgcimens (may vary slightly from the rominal resut using Ny/N,).
t111 Crackadwanced sifficiertly to take approxmately 10 daf readings.
***% .20, 0.40, 0.60, 0.80, 0.91,chh.00.
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5.4 EXPERMENTAL RESULTS.

5.4.1 Specimens \Wh Midplane Delaminations

The eyerimentallydetermined tougness versus mode mxrvefor the C12K/R6376material
is shown in figire 20. A minimum of five specimens were tested in each confiion. The
discree symbols show he nean of he dah and he error bars aeéach dat point representa
spread of & normal standard deviatiornThe critical ERRs were obtained BC for the DCB,
SSIB and ENF data, and from equation 38 for the MMEta. A number of different mode
decompositionproceduresare presented in figre 20. The circular sgnbols are used for the
DCB, SSIB and ENF, and ae a the modemixities prelicted by FE andyses. For the MMB,
squae symbolsare usal and ae a modemixities gven by equaion 39; & shown in réerence
40, this resultis believedto be the closest to the @st SFvalue. The diamonds show all of the
above data when re-interpreted withIN&ms’ approach or with the CTE/S&halysis (i.e., these
two methodspredict the same mode niixFor the CTE/SFanalysis, this means usingguation
32 andQ = 0, and for the MMBthis reduces to equation 4Zhe slight differencein modemix

predictedoy Williams’ andthe CTE methodsascompared to the other results, is due to the fact

thattransverse shear defoations aregnored n the wo closed-formapproaches.

1500
1400 -

1300

)

1200

1100 H O DCB, SSLB & ENF, FE/SF mode mix
1000 - O MMB, SF mode mix

& Midplane del's, CTE/Williams' mode mix

900 4
800
700 4

600

Critical Energy Release Rate (J/m

500 -

400 -

¢
300

200 T T T T T
0 0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8 0.9 1
Mode Ratio (G,/G)

FIGURE 20. G VERSUS G,/G ASOBTAINED FROM SPECIMENS WITH MIDPLANE
DELAMINATIONS

It is pointed out here that the BASFand the MMBSFresults at (G = 0.4 that arpresentedn
thefigure have been kept separate to show tuel gorrelation between the Bland MMB test
results. 0] This indicates that either one of these test methodscasptable.However,it has
beenrecommendedhat both SIB and MMB at G/G = 0.4 tests be run to verifhe data
reduction technique for MMB[40] The data sets from the ENSF and MMB/SF testsat
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Gi/G = 1.0have also been kept separaktowever, the mean value from the pooled data is used
for displayng the CTE and Wiams’ results, and the data is pooled at all locations to determine
standarddeviations. The standard deviations asven by the various data sets axined
individually arein fact quite close,and a detailed comparison is presented in referenceA#0.
lines in the figure are simply a seies of straght s@ments ®nnecting the various men results.

For all resultsin figures 20, 21, and 22, the peak load observed in the test was used in the
reduction of data.

5.4.2 Specimens \Wh Offset Delaminations

Following the development of fige 20, the offset delaminatidestsof table3 wereperformed.
At leastfive specmens were ésted n each of hese confjuraions. The daa from these ¢sts
were reduced in three different ways. (1) FE/SF mode mix; (2) CTE/NSFmodemix; and (3)
Williams’ modemix. The CTE/SFmodemix is omitted for clarity; this approach does not give
significantly different results from theESF approach (cf. figres 16 and 19b)in all casesG.
was obtained b C as described in sections 5.1 and T.Bus,only the modemix is affectedby
the various data reduction procedures.

Figure 21 presents the daa from the spe&imens with offs¢é ddaminaions with modemix
deermined by the FE/SF approah and by Williams’ gproah. For rderence, the results of
figure 20 ae dso preented; thedisaete daa points preented in figure 20 hare been omitted for
clarity, but the standard deviation data have been retaiNede that neithethe singular field
mode mix decomposition nor Wiams’ approach will resultin accurate predictions of
ddaminaion growth for this méerial. In fact, if onewere to usethe daa of figure 20 and either
of these approaches predct delamination gowth, in many casesextrenmely large errorswould
be observed.
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FIGURE 21. COMPARISON OFRESULTS: LAMINATES WMITH MIDPLANE AND
OH-SET DELAMINATIONS. Data reduction byhe FE/SFand Williams methods.
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Figure 22 presents thedaa from theoffseé ddaminaionswith modemix determined by the crack

tip element/nonsingjar field (CTE/NSH approach.For reference, the CTE mode mmesults of
figure 20 arealso presentedTo facilitate the presentation, the results taken fromr&0 have
beendisplayed by presentinghe lines that follow the mean and the standard deviation values of
the data.lt is also pointed outerethatwhent; = t,, i.e., for the case of midplane delaminations,
the CTE/NSFand the CTE/SRpproach are equivalent, @s= 0 for both cases (fdhis reason,

the distindion bdween CTE/SF and CTE/NSF mode mix for the midplane ddaminated
laminaes is unneessay). For the redudion of dda from thetests of thelaminaes with the
offset delaminations, an effecti¢ehas been used in fige 22.
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FIGURE 22. COMPARISON OFRESULTS: LAMINATES WITH MIDPLANE AND
OH-SET DELAMINATIONS. Data reduction byhe CTE/NSHnethod.

Note from figure 22 thad if a CTE/NSFandysis is usd tointerpret al of thedaa, then, allowing
for experimentalscatter, toulgness is found to be a slagvalued function of mode mixThat is,
this analysis is foundto successfullycollapse the data from the various tegtggure 23 presents
the effecive Q asa function of thickness ratio that was used in the development afdi@?2.
For reference, the sindar field-based result, taken from reference 1, is also includdtke
effecive Q wasobtainedby enforcingthe phgical constraints1]] that it is an odd function of
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log(to/ty), that it has a limitingvalue that is less than appnorately 30°, and thatt doesnot
contain an inflection point for/t; > 1. Within these constrants, thetest dda was use to
calculate the exyresson for Q such that the same tdugess was obtained from different
geometries atthe samne mode mx. It is enphasked thatthe useof aneffecive Q is not simplya
curve fit of the daa. Raher, this gproah implicitly bases modemix on theratio of the
concentrated crack tip quantities N, and M, and the necessay saling normdization is
acconplished troudh the use of Qeffective. Toughness versus modaeix resultsaretheneasily
expressed in terms of the nonclassical definitions of the E&Rponentsashasbeendonein
figure 22. It is interestingthat the limiting valueof Q-effective is farly closeto the singular
field-basedresult, and that the primarglifference is a more rapid rise @-effective with
thickness raio to its limiting vaue. Strudurd andyses may now be performed with the CTE
analsis, the effectve Q of figure 23 and the failure locus of @ige 22. This approachassumes
that crack advance will occur when G, at that particular NSF moder@aizhes its criticalalue,
G.. The NSF mode mixdefinition accounts for the effect of theognetry and loadingon
toudhness in thesane manna tha the dassia gpproach will in materials thda have smdl-scae
process anes, and accurate crackogth predictions will be obtained.Note that this also
obviates the need for locaERanalyses to obtain mode mix

30 7

25 A NSF limiting value: Q=24°
7 AN

SF limiting value: Q=22.08°

20

157

Q (degrees)

10 1

57 —©—Singular Field
—&— Effective
o0&
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FIGURE 23. Q VERSUS THICKNESS RATIO
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6. GENERALAPPLICATION OF THE METHOD

Thework remainingto be donebefore this method can be used emgral application is to assess
whether the effective mode mparameter obtained from the unidirectional sampéesoe used
for all layupsandinterfaces, regrdless of the test specimen stackssgjuence Preliminarytest
results #1] indicate that this method will be valid for Of)f, and6/-6 interfaces, and basezh
this successit is expected that it will be equallyalid for all interfaces.However, as described
in reference 1, thee is somepossibility tha the ddinition of the effective modemix parameter
will need to be epanded to account for th&{B-D] matrices of the variouggonscomprising
the crack tip element, as well as for the orientations ofpties immediatelyadjacentto the
delamination.Work in this area is currentlyeingperformed. Specifically asecondmaterialis
beingtested, and for both materials, delaminatioowgh under a varietgf in-planeandbending
loadings is being examinedfor a variety of interfaces and a vaety of thickness rabs of he wo
cracked regions. Emphais is on dminaion beween plies in the(0/+45/90) family, as these
are the primaryprientations used in practical applicatioms.addition to thebove a streamlined
methodolog is beingevaluatedhat significantly reduces the amount of testititat is necessary
to ddaermine Q-effective. Finally, the method will be applied to pycal aircraft structural
geometries andfailure predictionswill be compared to the results of the correspondingctural
test. All of these results will be presented in Pé&rstheduled to be published in 2001.

7. CONCLUSIONS

An engneeringmethodolog has been presented for predictdejamination gowth in laminated
structures. There are two main components to this methodoloBirst, the tougness versus
mode mix relation,andthe definition of mode mixtself, is determined gerimentally The
definition of mode mixs found from the results of a series of delaminationtiaags tests and is
obtained within the construct of a crack tip element a@salySecondthe structureof interestis
analzed usng the crack ipp element anal/sis and he exerimentally deermined definition of
modemix and then ddaminaion gowth assessmats ae paformed. Note tha this gproah
obviates the need for localtietailed two- and three-dimensional finite element aealy

The need for the delaminationrayth prediction methodolggdescribed herein is clear-or
certain laminaed maerials, it has been condusivdy demonstraéed tha the classia, LEFM,
singular field-based goproach will not accuragly predct delaminaion gowth [3-6]. In fact,
consideing the size of the crack tip damage in laminaed composits in @wmpaison to the
characteristic dimensiontha scles the near-tip field (generally ply thickness), it is likdy tha the
classial gpproach will not work for themgority of méaerials thd are currently beng usel or that
will be usa in the near future For these maerials, the goproah desaibed herein alows a
naural definition of node mx to be de¢rmined for each mterial systtm In thesecasesmode
mix is impliditly defined in tams of plde theory based quantities (N., N/, and M) tha fully
desaibe the loading at the crack tip, yet which ae insensitive to the ddails of any near-tip
damage. Alterndively, for thosematerials whee asingular field-based modemix decomposition
is valid, the above approach will reduce to the classical solutids. such, the approach
describedhereinis believed to hold rgat promise for a successful predictive methodokog
delamination of current and future laminated composites.
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