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EXECUTIVE SUMMARY

With the increase in the number of bonded composite ai@aiponentandin the numberof
bonded repairs made to cracked metallic structures, knoatddglhesivebondingis becoming
crucialto aircraftdesign and life exension. Design and analsis of adhesivelybonded joints has
traditionally been performed using varietyof stress-based approache¥he use of fracture
mechanics has become increabmgppular for the ana$is of metallic components but has seen
limited use in bonded structure joint®urability and damag toleranceguidelines,alreadyin
existence for metallic aircraft structures, need talbeelopedor bondedstructuresandfracture
mechanics provides one method for dasing

This report coversan FAA-sponsoredresearch pragm performed at the Geagglnstitute of
Technolog which hasfocused on usindracture mechanics to evaluate the Modetture and
fatigue propertiesof several adhesivelponded aerospace materiabtgyns. This research has
concentrated on the behavior of cracks or debonds in the adbesidéne ratherthandamag
in the compositeor meallic adheends. Paticular atention ha ben pad to theenvironmentd
durability of bonded sstems in use or intendddr use on transport,fighter, and supersonic
aircraft.

This study enconpassedexperimental fracture and fatigue tsting as wel as fnite element
analyses. Elements of a philosophgr bonded joint desigwere also formulated.

Key results from theexperimentd progam indudetheidentification of significant degradation in
some varieties of bonded joints subjected to Jw@mg eyposureto high-temperatureand high-
humidity conditions. Such degadation was displagd in termsof lossesin fracturetoughness
undermonotonicloadingandin areduction of the fatige threshold.Similar, thoudp less severe,
losses were gerienced bygome bonded syems followingexposure to thermal cjing.

Finite element anayyses were needecd tevaliaie experimental resuts, which were in close
ageenent The use of fiite element progans was also necessaryo analze specmens with
complexgeometries and thermallinduced residual stresses in the bond lifdeseanalyses
provided insifpts into the relationship between residsiaéssstatesandthe fractureandfatigue
properties of these stems.

Expeaimentd and finite dement results generated for this projet were also compaed with an
independenstudy of the fatigie behavior in the case of a composite patch on an aluminum
substrée. Results of this ompaative studywere consist@t with obsevations from theGeorgia
Institute of Technologexperimental protam and higlighted the importance afsingtapered
adherends to avoid fatig failures. In addition, it wasfound that typical aircraft structural
stresses were far below gtimentallyobtained thresholdaluesfor the particulargeometries
investigated.

The environmental durabilitpf adhesivelybonded joints is a keissue tobe consideredby
aerospacelesgn engneers. Effects of longterm isothermal and herndly cycled exosure ¢
specific environments can be detrimental to adhesive joint performateenisof reductionin
fracture toupness and fatige threshold.The studydescribedn the following reportsoudt to
address a representative sample of these important concerns.

iX/Xx



1. INTRODUCTION.

1.1 PROGRAM OVERVEW.

The goal of this progam wasto assess the durabiliyf bonded composite joints usifigcture
mechanics. Fracture mechanics (section 1.2) and stress-based techniques have been used to
analye and desiqh bondedjoints in previous studies.These methods will be reviewed in
secton 2. The currentresearchprogam aimed at expanding the useof fracture mechantcs to

address the issue of the environmental durahdtitypondedjoints while recoquizing themerit

and gplicability of stress-baed goproahes

To atain the god of this progam, sereral objectives were identified. These include the
characteriation of fracture and fatigue behavior of several adhesive jointssms, the
guantification of demdation due to environmental posure, and the developmentof a
methodolog to assess the structural intikg of bonded joints.These objectives served gaide
the research described in the follownegort.

Motivation for this project came from several directions, the prinfacys beingon bonded
structures for aerospace use.

First, a desire agts to supplement current stress-based approaches to bondedegimt
Although stress-basedhethodshave proven their worth over the last several decades, fracture
mechancs offers an aérnate, equdly viable means of angkis.

Second,impetusfor this research also came from a need to link knowdeafgenvironmental
effectswith the fracture and fatige characteristics of bonded joint&s bondingbecomes more
prevalentand aircraft desig lives lenghen, understandingn general terms, the interaction of

the opeating environment with mderial propeties beomes inaeasingly crudal. In addition,

severa organizaions, induding the Federa Aviation Administrdion; the U.S. Air Force; and

major airframe manufacturers, have concerns about the performance of specific adhesively
bonded sgtems.

Finally, this research was undertaken to respond to the redeotlyased emphasis fdife
extension of ging aircraft. This enphasis h& hidhlighted theneed for addressing thedurability

of bondedcompositerepairsto existing cracked metallic components as well as the projected
lifetimes of bonded structures in future aircraft desigJnderstandinghe behaviorof adhesive
joints subjected to various eavironmentd conditions seves as the basic motivating factor for this
research and for theeventud development and rdinement of durdility and damage tolerance
guidelines for bonded aerospace structures.

Characteriing the fracture and fatige behavior of bonded joingenerally employs pre-exsting
cracksor defects in the bond line ney. These cracks are artificiallintroduced and are
intendedto simulatedamag to, or flaws in, the bond line which magcur duringfabrication or
operation of adhesivelyponded components.Thus, the focus of this research was tbe
propagtion of cracks rather than on their initiatiorFatigue studiesusedthe conceptof a
threshold level (defined as 110° mm/gycle [1 x 102 in/cycle]) to desaibe crack growth during



cyclic loading The authors have used ttermscrack and debondsynonymouslyto describe
fracturein the bond line reégn. When necessary more detailed description of the location of
fracture (i.e., cohesive[within the adhesive lay] versus adhesivea an adhesive/adherend
interface) is provided.

This report summaries experimental and anaigal studies and also addresses the desig
bondedjoints from a conceptual standpoinAs part of the eperimental effort, monotonic and
cyclic loadingtestswere performed on double cantilever beam (pGBecimens constructed of
several combindions of ahesives and compositeand meallic adheends indi@tive of present
andfuture bondedaerospacstructures. These tests were conducted before and after subjecting
specimens to environmentalposures which paralleleattualserviceconditions. Finite element
analyses were also carried out to supplement the p&rimental efforts and to compare data
generated in this project with results obtained fromralependenstudyof bondedrepairfatigue
behavior.

This report is subdivided into seven sectionsSection 1 serves as the introduction and
summaries the use and analyg of adhesivelybonded joints froma historical perspective.
Section 2 reviews previouswork in the desig of bonded joints and sets forth a fracture
mechanics gproah to durdility. Section 3 reviews themaerials and experimentd procedures
usedin the experimental work. Closed-formand fnite element anayses are desdred n
section 4. Section5 summaries anddiscusseshe experimentalresults. A casestudy in which

the research for this progm is related to an independestiidy, forms the basisfor section6.
The summarg@nd conclusions are presented in section 7.

1.2 HISTORICAL PERSPECTVE.

Adhesive bondingf aerospace components is a fabrication techngueh, thoudh over 70
years old, has increased markeaflypopularityduring the last two decades am&lcurrentlya

focal point in manystudies regding agng aircraft. Military applications of adhesive bonding
bean in the earlydays of flight and duringNVorld War 1. Significant breakthroulgs such as the
useof phenolicresinsin wood and wood-to-metal joints occurred durthg World War Il era on
aircraft such ashe RAF’s Mosquito. Building upon these advances, emgers at kker begn
bondingstructural metal components on the successful F-27F&2Riseriesin the late 1940’s

and earlyl950's. [1,2] Military use of bonded metal structures occurred almost simultaneously
on aircraft like the UBF’s B-58 Hustle. [3]

A highly successful pragm investigting bondingfor use in joiningmetal aircrafttomponents

was the PrimanAdhesivelyBonded Structures Technop@PABST) progam [, 5] sponsored

by the USAFin the late 1970’s. This progam’s results confirmed and ganded the list of
advantags offered by properly manufactured adhesive bonds compared to riveted assemblies.
This list of strongpointsincludes reduced wehg, increased fatige resistance, improved sealing
capabilities, more efficient aerasgmics and, often, reduced costs.

Theseadvantags have also spurredthe use of adhesive bondirigr joining polymer matrix
composite aircraft componentsDue to the possibilityof cocuringand the brittle naturef



composite parts, adhesive bondirgywell-suited for joiningcomposites to compositeand
composites to metals, as welilitary applications initiated thérst useof adhesivelybonded
advancedcomposites,and aircraft such as the F18 and the future -B2 employ significant
amountsof bondedpolymer matrix composite laminates for wirgkins and control surfaces.
Similar applications maye found on manyypes of commerciahircraft whose economic
operations benefit considerablyfrom the reduced weg offered by bonded composite
assemblies.However,due to past difficulties with surface preparation and associated troubles
with environmentaldurability, adhesivebonding has not become widespread in the aircraft
industry [1]

Coincidentwith the use of bonds for structural fabrication, advances in repair techynafafan
increased emphasis on &tending the lifetimes of ajing arcraft have generated a great deal of
interestin the use of adhesives for repairsin fact, the use of adhesivebonded composite
repars of metal structuresis currenty the focus of as amy research and dewgment efforts as
the bondingof primary structural composites, and perhaps mdpegneeringwork in Australia
[6] and the U.S.7] has resulted in broad usagf bondedrepairson military aircraft. Thereis
also gowing interestin their applcaion o commercia aircraft, asexenplified by recentFAA
supported research and development efforts on usenapositedor door cornerreinforcement
of an L1011 aircraft, and assessment of bonded repairs of metal stlogtdeDonnell Doudas.
Although carbon fiber reinforced composite8] [and GLARED laminakes P] have been
employed in bonded repairs of metals, the most common bonded regtemspr metals
consists of a boron-epgxomposite laminate bonded to an aluminum airframe wsimgbber
toudhened epoxadhesive. Thoudh no exaustive survegxists of all bondedaircraftrepairs,an
estimatedb500 boron-epoxpatches are in worldwide use on militaiycraft and over 200 have
beenappliedto commercialaircraft.[10] Tablel shows a brief syopsis of some of the many
bondedboron-epoy repairs in use.The most prevalent use of this technique has been the repair
of nearly500 fatigie cracks emanatinfjom wing skin fuel transferholes (weepholes)n the
USAF C-141fleet.[11] The primaryadvantag offered bythese repairs is a sificant reduction
in crackgrowth in theunderlyng metallic structure.This problem has been studiedensively
[12, 13, 14] resultingin the well documented reduction in stress levels&Qdt the crack ip
together with the increase in patched component life.

Despite prior successes in wood, metal, and composite bonded joinespaird,questionsstill
remain regrding the durabilityand damag tolerance of the adhesivaond line, the critical
regon upon which the integy of the bonded repair or assembtiepends. Though
dimensionallysmall compared with the adherends, the bond line contains notherdghesive
but also interphase rexps and is the crucial componeaitany bondedstructure regardlessof

the adherendmaterials. Thus,understandinghe effect of defects and service environments on
the adhesivels necessaryor assessinghe longterm performance of bonded structurebhis
issueis of critical importance in the current dimate of extendingthelives of existing arcraft and

of creaing new degins ntended for operabnal periods neasuredn decades rher han n
years.



TABLE 1. SUMMARY OF CURRENT OFERATIONAL BONDED BORON-E®XY

REPARS [6, 15, 16]

Number d Number d
Owner Aircraft Comporent Aircraft Paches Date
MILITARY
United Stades Air Lockheed C-141 Wing Skin ~150 ~500 199394
Force (USAF) Genera Dynamics F-111 Wing Pivot 411 ~800 197383
Rockwell B-1 Dorsal Longeron 96 ~190 199196
Lockheed C-5 Fuselage 2 1996
Lockheed C-130 Gear Door 1 1992
Northrop T-38 Access Dor 4 1994
Royal Austrdian Genera Dynamics F-111 Wing Pivot, Skn
Air Force (RAAF)
Lockheed C-130 Wing Stiffener ~1500 totd 197596
Mirage Il Wing ard Tail Skin
Macch Wheel
Royal Air Force Hawk Wing Skin 1 1 1993
(RAF) Harrier Fuslage 1 1 1993
Royal Caredian Air | Northrop Fb Wing Skin ~25 ~50 199297
Forcee (RCAF)
Dutch Air Force General Dynamics F-16 Wing Skin ~3 ~3 1996
COMMERCIAL
Air Inter (France) Dassault Mercure Door Frames 11 ~100 197378
Ansett (Audralia) Boedng 767 Keel Beam 1 2 1989
BAE 146 EngneCowl 6 1992
Qartas Boeing 747 Various decak’ 9 1990
Australian Airlines | Boeing 727 Fusebge cecak’ 9 1989
Boeing Boeing 747SR Various 1* 11 ~1989
Boeing 747400 Various 1* 13 1990
Air Wisconsn BAE 146 Engne Cowl 6 1992
Federal Express Boeing 747200 Variousdecak’ 25 1993

* indicaies safic test airframe
T decals are giches aplied to uncracked stricture totest durakility

2. DESGN PHILOSOPHY.

2.1 PREVIOUS RESEARCH

Previous research in the field of bonded joint asiaignddesigh maybe groupedinto two major
areas of emphasis. Thefirst, a stress-baeal goproah, was initiated by Goland and Rassne [17]
and ha ben useal extensivdy by Hart-Smith [5], Hat-Smith and Thrdl [18], and otheas. This
approach has focused on determinthg distribution of shear and normal (or pesbesses
within theadhesivebondline under static loadingonditions. In their seminal work, Goland and
Rassne investigated sinde lap sher joints with thin (inflible) and thik (flexible) adhesive
layers. Their results indicated that both shear and normal stresses approacia@iar near



the free edg of the pint. Adanms [19] confirmed this observation and, usiagfinite element
analysis, proposedhat failure of the adhesivelayer occurs in tension due to higeel stresses
rather han n shear as sggsted bythe lap sheajoint's nane. Becausef theimportanceof the

peel stresses, thdave been incorporated into bonded joint desigd currentriteria call for
their elimination or drasticreduction.[4, 5, 18] The presence of stress concentrations at the
edges of a joint combined with a ligly loaded thouly useful regpn of adhesivatthe centerhas

led to techniques, such as increased overlaps and tapered adherends, which reduasttite mag
of the near-edg stresses.In addition, several stress-based failure criteria have been proposed.
Oneof themost notale is Hat-Smith’s gproah [20] which states that bond streéhgs limited

by the adhesive’shear strain eneygoer unit bonded areal o date, the stress-based approach to
bonded joint desiy has functioned well, has beémcorporatedinto computeried desiq
progams used in the aerospace indysémd has contributetb the successof the USAF's
PABST progam and subsequent adhesiviebnded desigs.

However, in order to more accuratedyaluate the effects of bond line flaws and fatiga
secondparallelapproach to the exnination of bonded joints based on the principles of fracture
mechanichasemergd. Foundeduponthe basic theories developed Gyiffith and kwin, the
use of fracture mechanics for bond asalywas first proposedby Ripling, Mostovoy and
Patrick.[21] At thetime of their research, the stress-intenfatstor, K, had become accepted for
describingfracture in metals.However, the use of K is basagonhomogneousnaterialsand
requiresdifficult stressanalyses if H is to be applied to hetemgous sgtems. Ripling et al.
[21] recoquized the inhomogeneity of bonded sstems and proposed the use of the more
fundamentabtrainenery release rate, G, to replace K in describiragture of adhesive joints.
Theuseof current K solutions also depends upon the full development of a plasgBcahead of
the crack tip. In adhesive joints, theplastic zonein the adhesive layer is often restricted by the
adherendsShaw P2] investigated this phenomenon and usteid furtherreinforcethe choiceof

an enery (G) approach raer han a gess ntensity (K) approach for desding the fractre
behavior of bonded jointsA number of specimensavesincebeendevelopedo investigatethe
Mode I, Il, and/or lll fracture and fatigue behavior of adhesively bonded joints. The most
common is the double cantilever beam (DG#hich tests the resistance Mode | cracking

Mix ed-mode (rather than pure shear) behavior, which most clpaedyiels the loadingn joints

in servce, nay be addressed um specimens such ashe crackeddp shear (CS) specimen
developed byBrussatet al. [23] andthe mixed-mode bendingMMB) test desiged byReeder
and Crews.24]

Using the conceptof fracure nmechancs andthe specimen geometries previously descrbed,
Johnsonandcolleagiesin a series of article2p-28] addressed the specific problems of fiatig
and fracture in bonded composite materig&meof their conclusionsare summaried in the
following paragaphs.

In an effort to assess the fracture behavior of common baaepdositesystems,Johnsonand
Mangalgiri [25] investigated the static toumpess of seven adhesigad polymer matrix resins
usd in fiber reinforced composits. Results from the research, shown in figire 1, illustrae a
wide distribution of frature toughness vadues rangng from thoseof rdatively brittle systans
suchas the Hercules 3501-6 and Narmco 5208 gpuatrix resins to that of Heel's F185



rubber-modifiedepoxy adhesive. Figure 1 indicates a pe of performance envelope for the
Mode |, Mode I, and mixed-mode failure of the palyer systems eamined. Note that tougness
or energy requiredto cause fracture under Modeeshear conditions (fg) is typically higher than
that required under Mode peel conditions (§). In addition to the constrainingffects of the
adherendsnvesticatedby Shaw, the authors proposed that this inequalbiyld be based upon
the polymer structure.Theysuggestedthattherelativelylower Mode | toughnessvaluesof many
of themorebrittle polymers may have been dueto ahigh degree of aross-linkingresultingin an
inability to sufficiently deform plastically or to dildate (increase in volumg. Sinae the ability to
dilatate is necessarfpr the development of Mode tbughnessbut not for Mode Il (shear)
toudhness, themorebrittle polymers, theefore, exhibited Model vaues which were lower than
their Mode I values. In contrast, the more ductile pahers (F185 and PEEK) ehibited much
highe Mode | toudhnesses than the brittle systans. Furthemore the authors sugested tha
environmentakxposureto heat and/or moisture maffect one mode of tohgess to argater
extent than another mode, dependingpon the effect that the pasure has on the poher
structure.
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FIGURE 1. MODE FRACTURE TOUGHNES OF SEVERAL MATRIX AND ADHESIVE
SYSTEMS [25]

To investigate the fatige crack gowth or cylic debondingcharacteristic®f bondedcomposite
joints, bhnson and MallZ6] employed the CIS specimen@metry In fatiguetestson Narmco
T300/5208graphitereinforced composites bonded witME300 (American Cgnamid) and EC-
3445 (3M Corp.) rubber-modified epes, theauthorsdevelopedia/dNversusGa (Gr) curves
similar to the dadN vesus AK relationshipsused to describe fatig in metals (figre 2).
Correlation between da/dN and @as god despite the use of different adherend thicknesses as
denotedby the thick- and thin-strapdata in figire 2. With the selection of a threshold crack
growth rate of 16 mm/cycle (3.94x 10° in/cycle), thér work dso @nfirmed earlier findings
indicaing that static fracture bughness vales far egeededhe threshodl strain enery release
rates (G,) required for debondrgwth in bonded composite§] In comparingigures 1 and
2, it can be seerhat Gry, valuesare approxmately 10% of the static toumess values for the



two adhesies examined. Finaly, the fatgue stidies aso revead tat the sbpes ofthe crack
growth curves (indicated in fige 2 byn) for adhesive bondare much higher than thosefor
metals. This indicates that adhesive bonds havere@ater sensitivitto small chanes in the
applied strain eneygrelease rate makingond line crackgrowth ratesless predictableunder
conditions of variable loading
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FIGURE 2. RELATION BETWEEN TOTAL STRAIN ENERGY REIEASE RATE AND
DEBOND GROWIH RATE FOR BONDED COMBPSTE JOINTS USING
FM®300 AND EC-3445 ADHESIES [26]

Johnson and MallZ6] also examined the effect daperedadherendsn the fatigue crackgrowth
behavior of the CLS speimens. Tapeing was shown byHart-Smith [5] to dratically reduce the
peelstressepresentat the joint ends and therelbyhance the stretigof bonded structuresA
5° taper was believed to reducepeel stresses to such anteat that debondingvould be
eliminated. However, thoup Jhnson and Mall found that taperinmproved the fatige
resistance of bonded joints, debondimgs not completelgliminated even with a tapande as
shallow as the recommended 5A summaryof their resultsis given in figure 3 [26] which
includes experimentaldata and predictions usindgpe Geometric and Nonlinear Ansgly of
Structuref GAMNAS) [29] finite element progam. By reducingthe taper arlg@ from 90° (no
taper)to 5°, it wasfoundthat the stress required to reach the threshold strainyeredegse rate
level (Gt ) was increased by approxmately 50% and tha most of theimprovement came with
taper antes below 10°. Tapered adherends carmyore load than untaperedadherendsand
adhesives with lower {3, vaues can besubstitutd for thosewith greater G, values for a iyen
joint loadng. Changes in the aper ande may also served offsetthe effecs of envionmentl
exposure This subjet will be briefly disaussel in thefollowing section.
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The severd studies previously desaibed illustrae tha the useof fracture mechanics ha definite
merit in assessinghe behavior of bonded composite joint particular, it supplements and
compliments stres-baed andyses by adequaely desaibing stdic toughness and faigue crack
growth charaagristics.

2.2 A FRACTURE MECHANICS APPROACH TO DURARB.ITY.

Desigh of metal aerospace components has successhitgrated static andigld strenth
analyses with fracture mechanics to accommodate various philosophies inckafmdgjfe,fail
safe,durability, and damagtolerance.The desig of bonded composite structures and structural
repars to existing meallic strudures can dso badit from the use of both stres-baed and
fracture mechanics approachddowever, in order to fulljunderstand thdurability of bonded
joints, the effect of operatingnvironments on the fatig andfracturepropertiesof the adhesive
mustalsobe known. Groundwork has been laid hige investigtors previouslymentioned and
by studies of the effects of vaious ewvironments on someadhesive propeties, but neds still
exist to address the performance of specific adherend-adhesive combinationscancbioe
environmental, fatige, and fracture studies of bondedteyns.

For example, it is known that moisture absorption results iningrgdegeesof plasticiation,
strength loss, ad inaeased dudility of someepoxy adhesives. However, the effect of moisture
onthefatigueandfracture properties of bonded joints emphgythese adhesives is still not fully
understood. In addition, since adhesive joints aresteyns comprised of adherends, adhesives,
and inter-phase rdgns, the performance of each of these componentsstnaydy affect the
performanceof the joint. Thus, gneral knowledg of the behavior of adhesivespesed to
variousenvironments must be supplementedkbpwledg of the behavior of specific bonded
systems.

In reviewingsome of the trends observed in references 25 to ZBHnsonand colleagiesfor
room temperature behavior of as-received bonded composite specimemspedrsthat



environmental eposure (i.e., gposure to heat, moisture, or both) mafject the behavioof
bonded joints in several wathat can be higlighted usinga fracture mechanics approac®ome

of the possibleeffectsof environmentakéxposure on the performance of bonded composite joints
will be disaussel in the following paragraphs usingschematic diagrams which paallel those
shown in figires 1 throuly 3.

Figure 4 illustrates some possible effects on the properties of adhesive joints under monotonic
and cylic loading As shown in figire 4(a), environmental pesure mayaffect thestatic
fracture behavior of bonded joints by changng the fracture tougness in gneral or by
preferentiallyalteringthe fracture tougness in one mode compared to anothErese possible
effectswere suggested by Johnsonand Manglgri [25] in their discussion of the relationship
between molecular structure and tbngss under various modes of fracture.
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FIGURE 4. POSSBLE ENVIRONMENTAL EFFECTS ON THE (a) FRACTURE
TOUGHNESS AND (b) FATIGUE CRACK GROWH BEHAVIOR OF
ADHESIVELY BONDED DINTS

Such changs in the stucture of he poymer and n its fracture bughness ray effect fatigue
behavior in thdorm of the shift in thelocusof da/dNversusGt data shown in figre 4(b), which
indicates a chargn the threshold level and rate of crackwth for a givenlevel of appliedload
or strain energrelease rateAlternatively, the effect on fatige behaviormaybe manifestednly
by a chang in the slope of the da/dN versus @da, indicating a change in the sensitivity of the
crack gowth rae to changs in appied load or stain energ release ra

Although figure 4 showsthe changs as detrimental, there is no reason to doubt th@isexe to
someenvironmentsnay enhancebonded joint performancefFor example, moisture absorption
by an epoxy adhesive may plasticize it to an extent tha it is able to withstand increased dilatation
during Mode Illoading therebyincreasingts Mode Ifracture tougnessGy.) while mantaining
its level of Mode Il fracture toubgness (G) at the level presentprior to exposure. In addition,
degadation of adhesive joint properties magy due to chameg in the interphase rempswhich



control the strerty of the adhesive and adherend bontsthis case, the adhesive magt be
directly affeced by the environment at all, but the nterphase rei@n may be weakenedot an
extent tha it becomes thestrength- or faigue-limiting constituent of thejoint. Theimportance of
these possible trends in fracture tbngss and craayrowth behavioris crucialto desigersfor it

Is their task to ensure the intég of a bonded joint over the life of tis¢ructure. Knowledge of
thesetrendsmayresultin the useof so called “knockdown” factors to limit the loads applied to
affected joints or in #erations in thegeomdric designs of thejoints.

In order b conpensat or desgn for changs in the fatgue and fraaire perfornanceof a
compositgoint due to environmental @osure, measures nhigbe taken such as those shown in
figure5. Figure5 illustraes, for acase wheae exposurehas shiftel the crack growth threshold,
that environmental effects maglso force desig modifications to achieve desireddesig
lifetime for a given cyclic stress level. Sud modifications may reduce the totd applied stran
enery release ra, Gr, perhapshrough changs in the adherendaper and¢e. For the case where
one mode of toumness is preferentiallgttacked, othedesigy changs maypermita bondedoint

to be loaded in a manner that betteplexs its less dagded propertiesin anycase, knowleds

of theway in which the environment dfects ajoint’s fatigue and fracture propeties will lead to
improved desigs.
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FIGURE 5. ENVIRONMENTAL EXPOSURE EFFECTSVMAY REQUIRE DESGN
CHANGESTO MEET OFERATING REQUREMENTS

To desig efficient, effective, and durable bonded composite joints,necessaryo determine
the effect of service environments on the adhesive propertiesneed bystress-based and
fracture mechants approaches.Changs in stengh, preferred rade of fracture, and crack
growth behavior durindong-term exposures will all affect the desigof bondedjoints usedfor
structuraland repair purposes. Throudh the use of stress ansdg to ensure adequate static
strengh, fracture mechants and fatigue analses b ensure adequatdanege tolerance, and
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environmental studies to ensure adequate-teng durability adhesivelyponded aircrafjoints
andrepars can be degned and faboated © meetthe ncreasngly stingent requrements for
extendel arcraft lifetimes.

3. MATERIALS AND EXPERIMENTAL PROCEDURES

Experimentalefforts supportingthis FAA-sponsored research project at the Geolgstitute of
Technolog focused on the Modefitacture andatigue behaviorof severabondedoint systems.
Theseadherend/adhesive/adheresydtemsinclude aluminum/epoxaluminum and aluminum/
epox¥/boron-epoy for the USAF C-141 transport pragm, gaphite-bismaleimide/epgk
graphite-bismaleimide in support of the nev2Z fighter, and titanium/polynide/titanium from
the High Speed Qvil Transporprogam The am of this study wasto apply fracture mechancs
concepts to evaluate the environmental duralmlipondednetallicandcompositesystemsused
in the constuction and repai of aerospace ictures. Thus, he ntent was b examne he
fracture and fatige characteristics of cracks in the bonte rather than to investicate the
behavior of cracks in themeallic or compositeadhaends.

3.1 MATERIALS.

The adhesives and bonded joinstgyns investigted for this progam were chosebhasedupon
their availability and current or anticipated usag on aerospace vehiclesThe adhesives
evaluatedwere suppliedby two manufacturers:CYTEC Advanced Materialsnt. (Havre de
Grace, MD) and 3M Corporation t{SPaul, MN). Three aircraft pro@ms provided the bonded
joint specimendor this study the C-141 transport and-22 fighter progams from lockheed
Martin (Marietta, GA) and the High-Sped Civil Transport progam from the Boeing Co.
(Setttle, WA).

3.1.1 Adhesives

Two gooxy-based adhesives and onepolyimide-based adlhesive were examined for this project:
FM®73M and M®x5 manufacured by CYTEC Engneered Mterials, Inc. and AF-191
manufactured b$gM Corporation.

3.1.1.1 FM®73M.

FM®73M is a modified epoxadhesive produced as a supported fitith a nonwovenrandom
polyester mat scrim cloth (volume fractien2%) locaed nearlie mdplane of he adheste film

[30], figure 6(a). FM®73M hasan advertised use temperature of 82°C (1R01Ewas used in
the U.S. Air ferce’s successful Primarkdhesively Bonded StructuresTechnoloy (PABST)

progam in the 1970s and is currentdgingused in bonded composite repaircrackedmetallic

aerospacstuctures. The paricular form of FM®73M film usel in this reerch hal anomind

weight and thickness of 300 /gn* (0.06 Ib/ff) and 250pm (9.8 mils), respectively Cured
FM®73M film has a dark-gllow color and, as a sitglayer, is translucent.
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3.1.1.2 AF-191

AF-191is also a modified epgxadhesive. It is produced with a nonwoven randomnamny mat
scrim cloth (volume fraction 4%) whid, unliketha in theFM®73M, is located alongne face

of the unaured adhesive film [31], figure 6(b). AF-191 has an advertised use temperature of
177°C(350°H and is currentlybeingused to bond composite components on #&2 Fighter.
The particular form of ARL91 film used in this research hadminal weight and thicknessof

390 gm? (0.08 Ib/ff) and 250um (9.8 mils), respectively The cured AFL91 film has a pale-
yellow color and, as a sitgylayer, is translucent.

(@) (b) ()

FIGURE 6. SCRIM CLOTHS CONTAINED IN THE (a) FM'73M, (b) AR191, AND
(c) FM®x5 ADHESVES

3.1.1.3 FM®x5.

FM®x5 is an amorphous Higtemperature poigide thermoplastic formulated as a mise of
the PETI5 resin with a thermoplastic patyide modifier. [32, 33]it has anadvertiseduse
temperaturef 177°C(350°F. The adhesivecontains a wovenlgss scrim cloth with a volume
fraction of approxmately 40%, figure 6(c). Accordingto the manufacturer, the scrim cloth is
necessay to impat physica integrity to the adhesive shest; with no saim cloth, the resin is
extremelyfragle andfriable.[34] The adhesive’s nominal wéigand thickness (includintpe
scrim cloth) are 515/m? (0.10 Ib/ff) and 34Qum (13 mils), respetively. The FM®x5 film has a
dark-brown color and, as a sladayer, is nearlyopaque.

3.1.2 Bonded Specimens

Bonded joint specimens were manufactured Umgkheed Martin and d&eing using typical
productionmethodsandmaterial stock.Standard industrial practices for surface preparation and
adhesivebondingwere used to ensure the test specimens clgseiglleled bonded structures
fabricated on the shop floo6pecific dimensions of the specimens are shown urdig.
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C-141 Bonded Repair Systems
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3.1.2.1 C-141 Bnded Sstems

Lockheed Martin provided specimens made from matesfesacteristiof the C-141transport.
This arcraft has been amanstay of theU.S. militay airlift fle et for nearly a quater of acentury
and B not projected for retrement for anoher decade.Due to the airframes’ advancedage,
fatigue crackingof metal skins and components is becomimgre prevalent. Use of bonded
boron-epoy patches, as previoushjiscussed, is a repair method of choickest specimens
reflecied the materials usedin these repas: aluminum and boron-epox conposie laminakes
bonded with M®73M film adhesive Two combindions of thematerials wee usel in speimen
fabrication: aluminum bonded to aluminum (AWE73M/Al) and aluminum bonded to boron-
epoy (AI/FM®73M/B-Ep).

3.1.2.1.1 Aluminum Bonded to Aluminum (A/M®73M/Al).

Although bonded repairs made to the C-141 consist of one composite adherend bonded to an
aluminumsubstrateit wasdecidedo investigate the durabilitypf metal-to-metal bonds taig a
betterunderstandingf the adhesive behavior and to evaluate the bond#dnsywhich formed

the backbone of the PAE progam. Bare 7075-T651 aluminum, indicative of tlkk2141wing

skin, was used for the adherends.

Prebondsurface preparation of the aluminum involved a®Algrit blast, a sodium dichromate
(Forest Productsdb, FPL) etch, and the application of a protectii@®B27 primer.

Curingwasperformedn avacuumbagat 116°C (240°fFand full vacuum for 150 minutes he
resultingbond line thickness was appnmately 100pum (3.9 mils).

3.1.2.1.2 Aluminum Bonded to Bron-Epoy (AI/FM®73M/Al).

To simulate bondedrepairs madeto the C-141, specimens fabricated from bare 7075-T651
aluminum and boron-epgxcomposite adherends were also evaluatethe boron-epoy
compositeadherends were cured prior to bondiging F4/5521 boron-epoxprepreg(Textron
Specilty Materials, Inc., Lowel, MA). The bminakes were neaylenirely unidirecional[0,4, 90,

03, 90, 0] anddesigedto withstandloads, found from practice tests, which caused creakit

in the adhesive.

Preparationof the precuredboron-epoy laminates consisted of hand sandwwgh 280 git
abrasve paperfollowed by a methanol wipe. Surface preparadn of he alminum was as
described in the previous section.

As with the AI/FM®73M/Al system, AI/FM®73M/B-Ep curing was carried out using vacuum
bagat 116°C (240°Fand full vacuum for 150 minutesThe resultingoond line thicknessvas
approxmately225um (8.9 mils).

Becauseof the coefficient of thermal expanson mismatch betveen he abminum (o = 22.1 X
10%°C [12.3 x 10%°F]) and the boron-epgx(age, = 4.5 x 10°%°C (2.5 x 10%°F)), the
AlIFM®73M/B-Ep speimens wee distindly curved with the duminum on theconcave side
(figure 7). The exent of this curvatire was measured avarious emperatires. As expeced, he
stress-free émperatire, ie., he emperatire atwhich the specnen curvatre vanished,was
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found to be the processingemperature of the specimens, apprately 116°C (240°K
Although bonded repairs to aircraft do not resaltisuchgrossdeformationsof the underlyng
structure, residual stress states are avpagsent in the adhesive bond line due tontiematch
of the coefficients of thermal pansion (CTE) and must be addressed in some matineas
imperative to understand the consequences of the unavoidable curvaturé\BE M&73M/B-
Ep specimens in order to anatysubsequent test results and perform finite elementsasaly

3.1.2.2 F-22 Bonded Sgtems

LockheedMartin also provided specimens fabricated from materials characteristic of bonded
compositeon the new R22 fighter. Adherends consisted dfil7/5250-4 gaphite-bismaleimide
laminaes (prepregrom BASF Materials, Inc.) in ether a cross-py [04, 90] or quasi-isotropic
[+45, @, +90]s configurations. The quasi-isotropic adherends matched theufaysed for
specific F22 componentsAF-191 was used as an adhesive on these specimens.

Prebond surface preparation of precured composite laminates consisted of handwsiindi&g
grit abrasive paper followed kaymethanol wipe.

Secondarybonding of the adherends was carried out in arnoclaveat 177°C (350°H and
310kPa (45 psi) for 60 minutesThe resultingoond line thickness waapproxmately 250 um
(9.8 mils).

3.1.2.3 High-Speed Civil Transport (HSCT)oBded Sgtem

Boeingprovided specimens constructed from matedhbracteristiof possiblebondedfuselag
or wing asserblies on the High-Speed Civil Transport Such asselfvlies are pragced D
experience aerochamic heatingip to temperatures of 177°C (350%hen thevehicleis flown
at speedsn excess of Mich 2.

Adherends consistel of Ti-6Al-4V titanium, and the adhesive was AM®x5. Adherends were
prepared usig a Boeng standard chromt acid eth followed bythe appicaion of a protecive
BR®x5 primer prior to bonding

Curingwas performed in an autoclave at 350°C (66RaRd 345 kPa (50 psi) for 90 minutes.
The resultingoond line thickness was appnmately 340um (13 mils).

3.2 SPECMEN GEOMETRY.

Double cantilever beam (DGBpecimens were used for this research to induce prinhaoidie |
fracture in the adhesive bond line (althbugl/FM®73M/B-Ep specimens eperienced some
induced Modellfractures in addition to Modeftactures). Individual specimenwere cut from

large sheetsof bonded adherend materials manufactured as described in the preceding
paragaphs. Individual specimens were nominap mm (1 in)wide and305mm (12 in) long

(figure 7). A 102-um (0.004-in) -thick strip ofeflon™ release film was used to prevent bonding

of a nominal 44 to 54 mm (1.75 to 2.25 in)imyatone end of eachof the AI/FM®73M/Al,
AlIFM®73M/B-Ep, and Gr-BVI/AF-191/Gr-BMI specimens.Kapton film of a similar thickness

was usel for the T/FM®X5/Ti specimens.Theseinitially debonded régns served as initiation

sites from which cracks in the adhesivestayere gown.
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3.3 ENVIRONMENTAL CONDITIONING.

To assess the environmental durability the bondedoint specimensiwo forms of pretest
environmental conditioningwere used: isothermal pasure and thermal ching. The
temperature and humiditgvels for each of thesepgs of conditioninglependediponthe nature
andapplicationof the bonded stem beingnvestigated and upon the limitations of the available
equipment. Based upon (1) discussions with the specimen manufacturers, (2) common test
procedures used bsnajor airframe manufacturers and defense laboratories,(3ndircraft
servce condions, a conceetl effort was nade D expose he speanens D realstic
environments.

3.3.1 Isothermal Eposure

Two forms of isothermal gosure were empleg: (1) 5,000 hours of ewsureto a hot/wet
environmentof 71+0.6°C (1604°F) and 948% relative humidity(rh) and (2) 5,000 hours of
exposure to a hot environment correspondiaogthe upper use temperatureof the particular
bonded sgtem. For the C-141 bonded stems, the most severe hot/wet condition corresponded
to long-term exposureto ground operations in a tropical locatioRor the F22 bonded sstem,

the most severe hot condition correspondecdg-of-the-envelopeflight conditions during
high-speedmaneuvers. Supersonic cruise conditions set the limit for the uppgrosxre
temperature for the HSCT bondedt®ms.

Isothermal eposure was performed usimgy circulatingovens (figire 8). Hot/wet conditions
were achieved bgupportingselected specimens above a pool of distilled wiatsealedglass
chambers (figre 9) which were placed inside an oven operadinti.°C (160°F). Table2 shows
the spedic isothermal exposure condions for each ofite sywtenms investgated for his report

FIGURE 8. THERMOTRON AR CIRCULATING AGING OVEN U&ED FOR LONG-TERM
ISOTHERMAL EXPOSURE
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FIGURE 9. HUMIDITY CHAMBER USED TO MAINTAIN A HOT/WET ENVIRONMENT

TABLE 2. ISOTHERMAL EXPOSURE SUMMARY

Program Materials Environment
C-141 | AlI/FM®73M/AI hot/wet, 71°C (160F)/>90%rh
Al/FM®73M/B-Ep hot/wet, 71°C (160F)/>90%rh
F-22 Gr-BMI/AF-191/Gr-BMI hot, 104C (220F)
HSCT Ti/FM®X5/Ti hot, 177<C (350F)
Ti/FM®X5/Ti hot/wet, 71°C (160F)/>90%rh

3.3.2 Cyclic Thermal Eyosure

Because of e hermal excursons eyerienced byaircraft structures dumg normal flight
operationsthe resistance of bonded joints to detation caused bgyclic thermal eposure
(thermal cycling) isimportant. Selecied speanens were sulgicied D thernal cycles betveen he
lower and upper temperature limits for the specific bondesiesys. The thermal profiles,
temperature limits, and number ofctgs for each bonded stgm was determined based upon
discussions with the specimen manufacturers, aircraft service conditionsegamgiment
limitations.

AIIFM®73M/Al, AI/FM®73M/B-Ep, and Gr-B1I/AF-191/Gr-BVII specimens from the C-141
and F22 progams were preconditioned for appimmately 300 hours in dot/wetenvironment
(7140.6°C (160£1°F) and 948% rh) prior to thermal @ling. The duration of this
preconditioningwas based upon the apparent saturation (determineceigiit chang) of the
bond line in the AI/M®73M/Al specimens.It was estimated that 200 hours opesure to a
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hot/wet environment resulted in a neasturated bontine regon. Upon guidancefrom the
F-22 progam office, edges of the Gr-BAI/AF-191/Gr-BMI specimens were sealed with
aluminumtape prior to themd cycling to simulde a worst-ase condition of moisturetrapped
within the bond line.

Commonto each of the thermal cygle profiles, a low-temperature limit of -54°C (-65°F)
simulatedhigh altitude, subsonic cruise conditiong.he cyle-specific higp-temperature limit
corresponded to the upper use temperatures for each of the particular beteled.sy

Thermdl cycling was perfornad usng a dualchanber herndl cycling apparats locaed atthe
Warner Robins Air Logistics Center,Robins AFB, GA (figure 10). During thermal cgling,
speimens were shuttled between hot and @ld chambe's by means of an automdic pnaumaic
trolley mechanism. Thetrolley remaned in achamber for atime sufficient to achieve the desired
tempeaature profile on the speimens. No humidity control wa possiblewith this themd
cycling unit. A thermocouplewas placed between two adherends to monitor bond line
temperatures.The C-141 (Al/M®73M/Al and AI/IFM®73M/B-Ep), F22 (Gr-BVII/AF-191/Gr-
BMI), and HSCT (Ti/M®x5/Ti) specinens eyperienced averagranp rates of approxmately
12°C (22°F/min, 6°C (11°F/min, and 7°C (13°Fmin, respectively Table 3 and figure 11
describethe specificthermal profiles used for the individual bondedteyns investigted for this
project.

FIGURE 10. THERMAL CYCLING UNIT LOCATED AT ROBINS ARB, GA
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TABLE 3. SJMMARY OF THERMAL CYCLING PARAMETERSFOR BONDED-IINT

SPECMENS
Sealed
Pre- during Temperature Number
Progam Materials conditioning cycling? Extrenes of Cycles
C-141 | AIFM®73M/AI yes no -54°C (65F) 100
Al/FM®73M/B-Ep +71°C (+160F)
F-22 | Gr-BMI/AF-191/GrBMI yes yes -54°C (65°F) 100
+104C (+220F)
HSCT | Ti/FM®X5/Ti none no -54°C (-65°F) 500
+163TC (+325F)
A C-141  AI/FM-73/Al or B-Ep (-54°C[-65°F] to 71°C [160°F])
——F-22 Gr-BMI/AF-191/Gr-BMI  (-54°C[-65°F] to 104°C[220°F])
—&— HSCT  Ti/FM-X5/Ti (-54°C[-65°F] to 163°C [325°F])
200
150 300
100 200
Temp gq Temp
(°C) 100 (°F)
0
0
-50
T -100
q00 b
0 10 20 30 40 50 60
Time (min)

FIGURE 11. THERMAL CYCLE TEMPERATURE PRORES

3.4 TESTING PROCEDURES

Mechanicaltestingwas performed on screw-driven and sendvhulic machines in a laboratory

environment (22+2°C (72+3°F) and 50+5% rh) (figure 12). Loads, dsplacenents, and cygle

counts were collected automaticallyinga digtal data acquisition sgem.
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Load was transfared to theAl/FM®73M/Al and Ti/PM®x5/Ti specimens byneans of pin-and-
clevis atachment boltal to theadhaends. Load was transfared to the Al/FM®73M/B-Ep and
Gr-BMI/AF-191/Gr-BMII  specimens usinghinges which were adhesivelyponded to the
speimens d thetime of manufacture (figure 7).

Crack growth within the adhesive lay was measured in one of two vgayl) usinga 20X
magnification traveling microsmpe or (2) using a Questar long focal length micos®pe and
video unit with an appromate magification of 200X. To further assistin tracking crack
growth, oneedge of each speanen was paited white and mprinted with a sca¢ conssting of
0.5 mm gadations.Crack lengh was monitored on the painted edg

FIGURE 12. DOUBLE CANTILEVER BEAM SPECMEN BEING LOADED IN A
SERVOHYDRAULIC TEST MACHINE

Prior to testing specimens were stored undemditionsintendedto preservetheir particular
environmentatondition. Specimensested in the as-received condition and the AffZBM/AI,
AlIFM®73M/B-Ep, and the Gr-BlI/AF-191/Gr-BMI specimenssubjectedto thermal cycling
werestored in the laboratorgnvironment. Specimens which gerienced longerm exposure to
hot environments and the TMFx5/Ti which were thernglly cycled were sired h a sead
destcabr. Specimenswhich experienced bngterm exposure ¢ the hotwet envronment were

20



suspaded ove distilled waer in a seled contaner and storel a 22 +2°C (72 +3°F) and
94 3% rh.

3.4.1 Fracture Toubness (Monotonic) Testingrocedures.

Monotonic testing using ASTM D3433-75 B5] and D5228-94a 36] as gidelines, was
conducted to obtain a fracture téungss or criticastrainenery releaseate(G,.). A crosshead
displacement rate, equal to a crack mouth operatgy of 1.0 mm/min (0.04 in/min) wased.
Deviation from linearty of aload versus dplacenenttrace ndicated he onsetof crack gowth

in the bond line ragn. This was confirmedy optical observations. Severalruns, permitting
the calculation of multiple G values, were perfored on each spenen. Figure 13 depicts a
collecton of typical load versus diplacenent runs froma snge specmen. Usingthe standad
deviation, sample size, and mean of these multiple values, ac8b%denceinterval was
calculated for the valie of G. for eachmaterialand condition. Confidence intervals and mean
values are shown in the figes in the results section of this report.

1600
a=57.60 mm Program: Lockheed Martin C-141
Material: Al/FM-73M/Al
1400 1 Speamen.: L1D1 .
a=69.81 mm Exposure: none, as-received
Test Type: Monotonic
a=77.48 mm Test Conditions: Lab Air, RT, 1 mm/min
1200 + ' Test Date: 12 Apr 96
2=90.16 mm Specimen Width (b): 27.127 mm
Adherend Thickness (t): 9.53 mm
a=100.39 mm
1000 +
a=115.80 mm
a=128.12 mm
Load, 800 |
P (N) a=141.18 mm
A a=154.51 mm
a=167.90 mm
600 +
400 +
A observed crack growth
200
0

0 2 4 6 8 10 12 14 16 18 20
Displace ment, & (mm)

FIGURE 13. LOAD VERSUS DEPLACEMENT DATA FROM SEVERALRUNS
PERFORMED ON A SNGLE SPECIMEN

3.4.2 Fatigue TestindProcedures.

Fatigue testing was carried out under displacement control usinglisplacement R-ratio
(Omin/dma) Of 0.1. Using displacement control permitted applied strain epewjease rate
sheddingso that a threshold crackogvth rate could be approached as the crack pebgpag
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A threshold fatige crack gowth rate of 18 mm/gycle (4 x 10 in/cycle) was chosen based upon
previous work byMarceau etl. [37] and Ml etal. [38]

The AIIFM®73M/Al and Ti/AM®x5/Ti specimens were tested at a frequeoic0 Hz Due to
the flexbility of the composite adherends, kardgeflections (up to 10 mm (0.4 in)) were
necessay to indue fatigue crack growth in theAl/lFM®73M/B-Ep and Gr-BAI/AF-191/Gr-BMI
specimens.Becausef these larg deflections, the fiyaulic test sgtem performance limited the
test frequencies for these twossyms to 3 Hz For all specimens, periodic dgs conducteat
0.1 Hz captured peak and vallégad and displacement valuesedin compliancecalculations
and in estimates of aack length and G or Gr.

Crack length was either optically monitorel usingthe sane proedures as employed for the
monotonic fracture toumess tests or computed usoanpliance calculations.

Data is presented in setion 5 in amannea similar to dddN vasusAK curves familiar to those
with experience in fatigue andyses of mdallic maerials. However, insted of using astress-
intensity factor range (AK), a stain energ releaserate range (AG) is used.This is done because
the constraintcaused byhe relativelythick adherends on the thin bond line does not permit the
formationof afully developedlasticzoneand,hence, the concept of K is invalidhe concept
of G however, beindpased upon engrgremains useful.For the case ofhe DCB specimens
with similar adheends, AK is replaced byAG,. Because ofhe lkack of anyresdual Mode |
componentAG, is equivalent taAGr, thetotd applied stran energy release rate range. For the
case of he AIFM®73M/B-Ep specimens with dissimilar adherends is replaced byAGr
which was obtained by combination of gxerimental observations and ABAQUiSite element
analses. This use of AGt accounts for the residual,Gevel in these specimens and, thus,
permits the fatigue crack growth data to be easilgompared to that from the other bonded
systems.

4. ANALYTICAL PROCEDURES

Adhesively bonded joints are complestructures which maype analyed usinga variety of
techngues 6 deermine he stess sttes and fractre nodes preserdtacracktip. In many cases,
for simple joint geomdries and loaling pahs, doseal-form solutionsare sufficient. In othe
cases, a fite elementmodelis requred.

Theanalysis of adouble cantilever beam (DGBpecimen maype carried out in closed form for
speimenswith identical adheends. However, for speimens with dissimila adheends, sub &
the C-141AI/FM®73M/B-Ep sytem, a finite element anaysis was requied b determine what
effectsthermalresidualstresses, specimen curvature, and differences in therdlexodulus of
the adherends had on the fracture modes present at the crack tip.

4.1 CLOSED-FORM SOLUTION FOR THE MODE ISTRAIN ENERGY REIEASE
RATE (G).

The appled stain energ release ra, G;, for DCB specimens with two adherends of the same
material is found usingquation 1.39, 40]
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P? dC
=—— 1
' 2b da @)
where P = load C = speamnen conpliance @/P)
b = specimen width a= crack or debond letiy
0 = crosshead or crackauth openng displacenent

Using beam theory and theassumption thiathe DCB spesimen consists of two antilever beams
with a built-in support on the end opposite the load application point, equation 1 reduces to

3Py

= @)

Equation 2 maye further modified41, 42]to account foithe relationshipbetweenspecimen
compliance and observed crack léngsing

3B
Gi = 2b(a+|Al) ®)

The valieA is the intercept of the a axis obtaned from alinear relationship béween C* and a
(figure14). Thistermservesas a correction to account for the fact that the uncracked end of the
DCB speimen is not ompldely fixed.

For the monotonic tests of the adhesives, the fracturdit@msges or critical strain engnglease
rates (G) were obtained usintpe modified beam thegrgquation 3, the visuallybservedrack
lengh, andthecritical load, P, at which crackr@wth be@n. This load corresponded to the load
at which the lbad versus dplacenentdat deviated fromlinearty.

Equation 3 was also used to determine the applied strainyaeézgse rates for fatig tests.

y
(Complia nce)“r

C1/3

Experimental Data

—

L‘_’7A cka@ek bngth ha

FIGURE 14. DETERMINATION OFTHE END CORRECTON TERM,A
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4.2 FINITE ELEMENT ANALYSIS.

Finite element anayses were perfored on he AVFM®73M/AI, Ti/lFM®x5/Ti and, most
importantly, on the AIFM®73M/B-Ep speimens. Due to the dissimila adheends in the
AllFM®73M/B-Ep specimens, theyexhibited pronounced curvaturéollowing curing (as
described previously Thermal residual stresses, the root causth@turvature resultedin a
thermelly induced Mbde | strain energ release ra (Gy) at the crack tip with no gplied load.
Thus, the GandG, levels could not be determinedpeximentally and a finite element model
was usedto determine the amount of mode myxpresent at the crack tip durirgpecimen
loading.

4.2.1 Progams

Two software progams were used in this research: the commercaalgilable ABAQUS and
GAMNAS (Geometric and Material Nonlinear Angly for Structures)developedat NASA-
Langley. [43, 44] ABAQUS, which was used for the majority thefinite elementstudiesis a
versdile commaecial codewith extensive andytica capabilities induding themad residud stress
calculations. GAMNAS, developed specificallfor bonded joints, canncanalye thermal
residualstresseslt was used to verilABAQUS analyses of specimens with identical adherends
which did not contain thermal residual stresse®oth progams can conduct material and
geometricnonlinearanalyses. Only geometric nonlinearities, do to the sificant nodal rotations
at the crackip caused byhe curvatire of he AI/FM®73M/B-Ep specimens, were accounted for
in this research. Materials were assume to belinearly eastic (this will be disassel in the
following section).

4.2.2 Assumptions and Model Details

In the andytical effort, all maerials wee assume to belinearly eastic. This asumption wa
made for several reasonsRoom temperature shear dasists for the FM®73 and AF191
adhesivedut not for the M®x5 adhesive.In addition, the limited data available is primarfiby
roomtemperatire behavor. The lack of stess-gtain curves fortie sebcted adhesies forcedhe
assumption of linear elasticignd prevented the consideration of temperature dependence.

Because of the laegwidth of the specimens compared to the bondthiekness plane-strain
was also assumed.

Modek were devealped for each speuen geometry. Thesemodek were two-dimensional and
could be used byboth the ABAQUS and GAMNAS protams. Four-noded quadrilateral
elementsvere used.To enhance the performance of these elements under bexdidigions, a
reducedintegation techniquewas used. Typically, the adhesive |l& was modeled usintpur
rows of dements and theadhaends wae modded with ten rows for monolithionea adhaends
or with one row per plyn the case of composite adherends.
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4.2.3 Determination of Strain EneydRelease Rate

Strain enery releaserates were catulated by the finite element progams using a nodified crack
closure technique4p] This technique determines the nodal forces @gisglacementsequired

to close the crack to its omal position. Figure 15 showshis techniqueschematically The
crack tip within a component subject to an operiarge, P, is identified btwo nodes, A and.
Thesenodesoriginally share the same location before crack prefpag (figure 15b). As the
crack exends under Modelbading these two nodes are released and separatadiisyancey,
(figure15a). The crack closure technique computes this separation distance and the nodal force,
pn, required to return nodes A andtB their orignal position. A very stiff spring element
located between nodes C and D is used to calculate this fercEh@ nodal force multiplied by
the nodal displacement is the work or epemgquired to close the crack tiprhis quantityis
equivalent to the strain engreeleased as the cratp propagtesfrom nodesAB to nodesCD.

The stain energ, d,pn, divided bythe amount of new crack area which is formed as the crack
propagtes, 2\a,istheModel strain energ release raor G. Similar stgps ae usa to spaate
nodesA andB in the xdirection under to Mode lloadingto calculate ¢ Due to bond line
rotation, forces and displacements are transformed to a coordisé¢ensyith axes that are
parallel and perpendicular to the crack.

I’ I’

Crack Closes g
6y L 2 L 2 L 2 D L 2 L 2 L 2
ny
! A
:_:>O—B C_ o e A 4C o
D P B | D
¢ ¢ ¢ < ' ¢ ¢
Crack Propagates
1P +Aa > lP +Aa >
(a) (b)
FIGURE 15. THE MODIFIED CRACK CLOSURE TECHNQUE (MODELIS OF UNIT
WIDTH)

Critical strain energ release ra (G) valueswere obtained byapplyng the exyerimentally
observed ctical load atthe onsetof crack gowth to the finite element model The finite
element protam then computed a displacement and, in turn, a strainyereegseate which,
because the critical load was used, was equatio G
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4.2.4 Verification of Analhsis.

Before analzing the curved AIFM®73M/B-Ep specimens, the results of the asedy of
Al/FM®73M/Al and Ti/FM®X5/Ti specinens were vefied. These sgterms were fabgaed usig
a sinde material for both adherends and, therefore, the results &BAUS and GAMNAS

progamscould be directlicompared with those obtained from the closed-form solution method
described in section 4.1.

The analsis was verified and ageenent was obained betveen he ABAQUS and GAMNAS
progams. The G¢ values gneraed by the finite element anal/ses were a maximum of 10%
lower than those calculated usitige closed-form solution.This small discrepancynay be
atiributed to scater in the observeddad and diplacenent dat and he gneraltrend for fnite
element modek to be bss conpliant (predcting less dsplacenent for a given load) than the
componentvhichis beingmodeled. To illustrate the close agement between the finite element
analsis and test data, fige 16 shows a comparison between ABAQ¥Sslltsandexperimental
load versus dplacenentruns froma TVFM®x5/Ti sp&imen.

1200

a=57.79 mm-=s— initial crack (debond) length Adhesive: FM-X5 (0.338 mm)
e at start of crack growth E=5 GPa: v=0.3

Adherend: Titanium (6.604 mm)
0@=71.34 mm E=110 GPa: v=0.31
& Software: ABAQUS

1000 +

O Experimental

—FEM
800 +

Load,

P (N) 600 +

400 T a=202.57 mm

o

200 +[%/

0 5 15 1% 25 2% 30
Displacement,® (mm)
FIGURE 16. A COMPARISON OF LOAD VERSUS DEPLACEMENT DATA OBTAINED

EXPERIMENTALLY AND COMPUTED USNG THE ABAQUSFINITE
ELEMENT PROGRAM

4.2.5 Analysis of the Curved Al/M®73M/B-Ep Specimens

ABAQUS was used to anatg the Al/FM*73M/B-Ep specimens, includintpe thermal residual
stressesvhich wereintroduced duringhe curingprocess.The adherends were first modeled as
straight elemens (i.e., n their precured stte). The ®mperatire was then decreased
approxmately 53°C (95°F. This forced the mesh to conform tiee curvatureobservedn the
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specimens.As explained in section 4.2.2, room temperature material properties were used for
themodeldueto alack of information on their temperature dependerntee room temperature
propertes causedhe “effectve” chang in temperatire requied for hie nodel (= 53°C (95°F) to

be lkess han he actial chang in temperatire experienced bythe speanens durhg cool down

(= 95°C (170°H). This temperature difference is suspected to be causedldgtion which
occursduring cooldownandresuts in a bwer effectve cure émperatire. Thus, t is recogized

that use of temperature invariant properties for the adhesivsimspdification. The crackwas
placedat the interfacebetweenthe adhesiveand the boron-epgxadherend.The choice of this
crack location was based on the observation that fracture in theMSBBM/B-Ep system
appeareda occur n the natrix of the conposte very near o the adhesie/composte interface.

5. RESULTS AND DISCUSSION.

5.1 ENVIRONMENTALLY INDUCED PHYSCAL CHANGES

Moisture absorptionor desorption was eerienced byall specimens subjected to letegm

isothermal eposure. These chargs are shown rgphically in figure 17. Becauseelevated
temperatures and low humidityeduced the amount of ambient moisture in Bload line,

specimens gosed to hot environments lost wieigduring exposure. In contrast,elevated
temperaturesnd high humidity forcedthe bond line to absorb water theredausingspecimens
exposed to hot/wet environments tairg weight due to moisturiztion. Al/FM®73M/B-Ep

specmens eyosed ¢ the hotwet envronment experienced geaer wepght gains than the

Al/FM®73M/Al specimens because of theegter amount of moisturgbsorbedby the boron-
epox adherends. Bond line saturation fothe AI/FM®73M/Al and AI/FM®73M/B-Ep was
estimated to occur in apprioxately 200 hours based upon a levelioff of the weight chang

curve for the AI/FM73M/Al specimens.

Visual observations of the specimens duriogg-term eyosure or thermal c¢jing revealed few
noticeable chareg. Corrosion products formed on the aluminum surfaese Al/FM®73M/Al
and Al/AM®73M/B-Ep specimensxposed to the hot/wet environmenthe exposed edes of
the AF-191adhesive bond line in theZ2 specimens chaag color from a palegllow to a dark
brown duringapproxmately 3000 hours of gxosure to 104°C (220jF Neither the exposed
HSCT Ti/AV®x5/Ti speimens nor ay of the themadly cycled speimens exhibited any
observal® changs in appearance.
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FIGURE 17. WEIGHT CHANGES OF SPEGIENS SUBJECTED TO LONG-TERM
ISOTHERMAL EXPOSURE

5.2 AIIFM®73M/AL.

The AIIFM®73M/Al specimens were fabricated from materials used on the Gradgport
aircraft and also in the USAS-PABST study [4] Onegroup of specimensvastestedin the as-
receivedstatewith no pretestenvironmental egosure. A second goup was subjected to 5,000
hoursof hot/wet isothermal gosure at 71°C (160jFand 948% rh prior to mechanical testing
A third group was subjected to 320 hours of hot/wet isothermab®xe at 71°C (160jFRand
94+3% rh, followed byl00 thermal cgles between -54°C (-65fRnd 71°C (160°FH prior to
mechancal testing.

5.2.1 Fracture Toubness.

Monotonic Mode ltestingof the AI/RM®73M/Al system revealed a strordppendence of the
fracture tou@ness (Gc) on envionmentl exposure. The as-receed bugness was
approxmately 2800 Jm? (16 in-Ib/irf). This vdue is in ajreement with G¢ values obtained for
FM®73M by Ting and Cottingon [46] and Ripling et d. [47] As shown in figre 18,themd
cycling reduced G by approxmately30%, and 5000 hourdf exposureto a hot/wetenvironment
reduced G by approxmately 70% as conpared o the fracure bughness of e as-receted
material. Becauseof the nonoverlappingonfidence intervals, these chasgare statistically
significant.
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4000

Exposure: 5,000 hrs @ 71°C (160°F)/>90% rh
Cycling : 100 cycles, -54°C (-65°F) to 71°C (160°F)

3500 1 ASZ ?g‘;cj;"id after 320 hrs @ 71°C (160°F)/>90% rh
m
23000 (16.0 in-Ib/in%) IBars indicate + 95% Confidence Interval
T 27 values
T Cycled
< 1978 J/m?
2500 + (11.3 in-lblir?)
6 values
Ge 000 |
a/m?) L
Exposed
1500 + 860 J/m”
(4.9 in-Ibfir%)

10 values

1000 T

500 T

0

FIGURE 18. MODE | FRACTURE TOUGHNESS OF THE Al/FR73M/Al BONDED
SYSTEM

5.2.2 Crack Rth and Fracture 8faces

Crack progession in these specimens was cohesite crack propaajed throudp the middle of
the adhesie layer, relatively distantfrom either adhesie-adherendnterface,leaving anadhesie

layer on both adherends (fure 19). Fracure surfaces showed eéeince of som distributed

porositywithin the bond line consistingnainly of poreswith diametersof 1.5 mm (0.06in) of

less. During testing scrim cloth fibers bridgd the open cracknouthfor approxmately 5 mm

(0.20 in) behind the crack tipThe shape of the crack frowiasslightly curvedwith the interior

advancingl-2 mm (0.04-0.08 in) ahead of the eslg

No sgnificantdifferences were netl anong the fractire surfaces ofhe specimens exposedto
the various environmentsAlthough some discoloration was seen aroundétiges of interior
voids, he fractire pah was alvays cohesve. This sugyests that the surfacepreparaion for the
aluminum was adequate for the environmental conditioamaed.

FIGURE 19. RACTURE SURRCES OFTHE AI/FM®73M/Al BONDED SYSTEM (AS
RECENED)
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5.2.3 Fatigue Crack Growth

Mode | fatigue testing of the AI/FM®73M/Al speimens showd tha the fatigue crack growth
behaviorof this systemwas affected byongterm isothermal gosure to a hot/wet environment
but not (noticeaby) by thermal cycling (figure 20). Isothermal exposure shited the datN versus
AG, locusto theleft, effectively redudng the threshold level of applied stran energy release rate
(AG, 1) by approxmately 50%. However, the slope dhe datawasunaffectedby the exposure.
This slope a measure of the sensitivity of arack growth rate to changes in the applied load or
stran energy release rate, hal avaue of goproxmately 4. Compaing thisvaue with that for the
slopeof crack growth dda in duminum indi@tes the high degree of sansitivity displayed by
crack gowth in the adhesive bond linel7] As with the monotonic testingf this system,crack
growth was cohesive.

1E+00 7
3 a As Received *°
] o Cycled XX
1E-01 o x Expos ed L 4
a 04 o
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1E-02 + x A
h X
OO‘O
1 x ® ;:o
x X A
1E-03 + 5 A
7 E‘b‘A
X a O‘A
] o
da/dN 1E-04 4 X ‘o%“‘
(mm/cycle) E x X 002
] a%a
1E-05 2
E 4oa
xX @
1E-06 + x &£
1E-07 +
JExposure: 5,000 hrs @ 71°C (160°F)/>90% rh
{Cycling: 100 cycles, -54°C (-65°F) to 71°C (160°F)
1 after 320 hrs @ 71°C (160°F)/>90% rh
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FIGURE 20. MODE | FATIGUE CRACK GROWH BEHAVIOR OF THE Al/FM'73M/Al
BONDED SYSTEM
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5.3 AI/IFM®73M/B-Ep.

These speanens were fabgaied from materials used for repes o arcraft suchasthe C-141
transport. One goup of specimens was tested in the as-received state witpratest
environmental emosure. A second goup was subjected to 5,000 hours of hot/wet isothermal
exposure at 71°C (160jFand 94 8% rh prior to mechanical testingA third goup was
subjectedo 320 hours of hot/wet isothermal pasure at 71°C (160jfand 94 8% rh followed

by 100 thermal agles between -54°C (-65f&nd 71°C (160°Fprior to mechanical testing

5.3.1 Finite Element Analsis of the AI/AMM®73M/B-Ep S\stem

Due to the curvature of these specimens, an ABAQldBe element analys (as described in
section4.2) was used to determine the postcure residual stress state in the bondThee.
residual stress state was calculated to contain a compressive normal peel component
(perpendicularto the bond line) of approxmately 4 MPa (0.58 ksi) and a shear component
(parallelto the bond line) of appraxately 37 MPa (5.37 ksi).The stress state can be translated
into a residua applied stran energy release rate in Modell (Gy) of approxmately 90 Jm? (0.51
in-Ib/in®) present in thespeimens following cure and priorto testing The adhaendsare forced
together due to the compressive residual normal stressesttardfore,an initial residual G,
component is absent.

During testing, the sate of he appled stain energ release ra changd as badwasincreased.
Figure 21 showsthis trend for a specimenwith a gven crack lenth. (Each crack len
encounterediuringtestingrequireda separate set of curves similar to those shown urdi@1.)

In this figure theresidud Gy, is evident & zero load. Thetotd stran energy release rate is simply

the sum of G and G. Calculations accounted for the adhesive nature of the crack path (see
section 5.3.3).

ABAQUS analyes were used to determine the relationships betwee@ GGr, andapplied
load for aseies of arack lengths resultingin a seies of plots simila to tha shown infigure 21.
Usingthis series of plots, (G, and G vaues were dagermined for thevarious mmbindions of
loads and crack lenghs encountered duringnonotonic fracture todmess and fatige testing
Not everycrack lenth was modeled usindBAQUS. The strain energrelease rates for crack
lenghs which were not modeled were obtained thhomgerpolation.
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FIGURE 21. COMPUTED MODE | MODE II, AND TOTAL APPUED STRAIN ENERGY
RELEASE RATES OR AN AlI/FM®73M/B-Ep $ECIMEN AS A FUNCTION

OF LOAD FOR A SNGLE CRACK LENGTH

5.3.2 Fracture Toubness

The fracture tougness of the AlIM®73M/B-Ep sytem was siquificantly less tha tha of the
AlIFM®73M/Al system. Note tha the fracture touchness of theAl/IFM®73M/B-Ep system is
expressed in terms of4Go reflectthe presence of Gnd G, whereashe fractre bughness of
the AI/FM®73M/AI systan is express in tems of G which is equivaent in thecase of similar
adherends to 5 The as-receed fractre pbuchness of ie AIFM®73M/B-Ep system was
approimately 840 Jm? (4.8 in-Ib/irf). As with theAI/FM®73M/Al system, thethemadly cycled
and isothermallexposed specimens revealednsiigant losses in fracture tobgess. Figure 22
displays these trends and identifies the amountheffracturetoughnessattributedto Modesl

and 1.
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FIGURE 22. FRACTURE TOUGHNESS OF THE Al/Ff#3M/B-Ep BONDED ¥ STEM

5.3.3 Crack Rth and Fracture 8faces

Crack growth in the AIIFM®73M/B-Ep spedinens appearedottake plce h the matrix of the
conpostie adherend verynear 6 the adhesie/composte interface. This was detrmined by
visualand mcroscopc observabns of he fractire surfacesNo differences were nated anong
the specimens @osed to various environmentsShe nature of the cragkathis evidentin figure
23 which showsthatthe black boron-epox adherend is nearlgevoid of the ligpter (yellowish)
FM®73M adhesive. Some fiber briding occurred and can be seen from the fivers (dark
lines) which appear on the lower (aluminum) adherenéigiare 23. The path of the crack
throudh the relatively brittle marix material rather than throudn the tougher epoxy adhesive
explains the nmuch lower fracture budhness vales for he AIFM®73M/B-Ep systems as
compaed to theAl/FM®73M/Al system.

FIGURE 23. RACTURE SURRCES OFTHE AI/FM®73M/Al BONDED SYSTEM (AS
RECENED)
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5.3.4 Fatigue Crack Growth

As determined by best fit throuly the data, the correlation between da/dN AGg was better
than thecorrdation baween daddN with AG, or AG,. The da/dN data are plottedaagstAGr in
figure 24. The correlation of da/dN witAGy provides a direct comparison between the fetig
behavior of the Al/M®73M/B-Ep systemand the other bonded stgms investigted since, for
thelatter systams, faigue daawas plottal with respect to AG, which was equivalent tAGr.

1E+00 1
i Exposure: 5,000 hrs @ 71°C (160°F)/>90% rh
1 Cycling: 100 cycles, -54°C (-65°F) to 71°C (160°F)
g after 320 hrs @ 71°C (160°F)/>90% rh
1E-01 + Based Upon FEM Results
1 32 a
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] x% g
] x 3
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] x Agg
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1E-06 . 4 4
k| [}
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FIGURE 24. FATIGUE CRACK GROWH BEHAVIOR OF THE Al/FMP73M/B-Ep
BONDED SYSTEM

Compaison of thefatigue data from the AI/FM®73M/Al and AI/FM®73M/B-Ep systems shows

tha the slopeof the AI/FM®73M/B-Ep data sgtem is geater € 8-12). This sugests an even
greater sensitivity of aack growth rae to gplied G vdues and is consistait with the lower

fracture toupness of the Al/M®73M/B-Ep system.

5.4 Gr-BMI/AE-191/Gr-BMI.

The Gr-BMI/AF-191/Gr-BVI specimens were fabricated from materials to be osdtie F-22
fighter aircraft. One goup of specimens was tested in the as-received state with no pretest
environmental egosure. A second goup was subjected to 5,000 howtf hot isothermal
exposure at 104°C (220yRand 0%rh prior to mechanicakesting A third group wassubjected
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to 320 hours of hot/wet isothermalpmsure at 71°G160°H and 94+3% rh followed by 100
thermal cgles between -54°C (-65F&nd 104°C (220°Fprior to mechanical testing

5.4.1 Fracture Toubness

TheModel fracture tougnesses of the Gri8I/AF-191/Gr-BMVII specimens subjected to various
environments are shown in fige 25. Although the mean values for the as-receivatt
themdly cycled conditions diffe slightly, no siguificant distindion can be made beween the
two condtions because of ovapping confidence mtervals. However, he degadaton causedy
long-termexposureto 104°C (220°Fdoes appear to be sifjcant. The layup of the adherends
did not appear to affect the calculated Modiatture toufness of this bonded stgm.

4000
Exposure: 5,000 hrs @ 104°C (220°F)
Cycling : 100 cycles, -54°C (-65°F) to 104°C (220°F)
3500 + after 320 hrs @ 71°C (160°F)/>90% rh
I Bars indicate + 95% Confidence Interval
3000 +
As Received As Received
2 2
Gie 200 T 17210/m ° oy ed 1595 Jim Cydled
(9.8inbfin ?) 2 (9.1in4bfin %) 2
(@/m?) 19values 681 Im . 1620 J/m
L2 values L2
2000 } (9:3indbfin )  Exposed (9.3indbfin %)
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I I (7.Lindbfin 2) I
1500 7 values 1
1000 +
500 +
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[04,907] s [#45,0 »,#45,90] s

FIGURE 25. MODE | FRACTURE TOUGHNESS OF THE Gri8I/AF-191/Gr-BvI
BONDED SYSTEMS

5.4.2 Crack Rth and Fracture @8faces

The crack path for the Gr-BNAF-191/Gr-BMlwas, in gneral,cohesive.However,becausehe
scrim cloth within the AF-191 was located closer to faoe of the adhesivdilm, the crackpath
wasoffsettowardsoneadherendandfollowed the plane of the scrim clothThe crack front was
nearlystraight across the adherends with little evidence of tunnétfirghich the interior portion
of the crackgrows more rapidly than hatlocaed nearhie edg. In speanens conéining quast
isotropic adherends, the crack often departed from the adHageveand causedinterlaminar
cracking within the £45° plies. These plies were located at the bond line, and trarking
indicatesthe mportance of pacing a @ ply atthe adhesie-adherendnterface b preventcracks
from gowing into composite adherends (figg 26). No significant differences were noted
betveen he speanens which were ésted n the as-receed sate and hosetested following
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environmental egosure. However, some sliy darkeningof the AR191 adhesive wasbserved
on the eposed edes of the specimens which were subjected to-kenign isothermal gposure.

FIGURE 26. FRACTURE SURFACES OF THE GriI/AF-191/Gr-BVI BONDED
SYSTEMS (AS RECENED), URPER PHOTO: UNIDIRECTIONAL
ADHEREND, LOWER PHOTO: QUASI-ISOTRORC ADHEREND

5.4.3 Fatigue Crack Growth

Limited fatigue data from the Gri8I/AF-191/Gr-BVII system sugest a trendexhibited by the

AIIFM®73M/Al and AlIFM®73M/B-Ep sytems: no discernible difference in crackayvth

behaviorbetweenthe as-receivedand thermally cycled specimens (fige 27). In addition, the
effect of isothermalexposureto a high temperature also appears to beligdge. Threshold
crackgrowth appearsd begn atan appled AG, level of approimately 100 Jm? (0.57 in-Ib/ir).

The slopeof the crack gowth data is appramately 6, agiin indicatinga relativelyhigh degee
of sensitivity to smdl changes in the applied load or stran energy release rate. Cracking was

cohesive and ébited the same characteristics as described for the monotonic tests.

As of thewriting of this rgoort, no &poseal speimens or quai-isotropicspeimens have been
testal in faigue
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FIGURE 27. MODE | FATIGUE CRACK GROWH BEHAVIOR OF THE
UNIDIRECTIONAL Gr-BMI/AF-191/Gr-BMIBONDED SYSTEM

5.5 TilEM®X5/Ti.

The Ti/FM®x5/Ti speimens were fabricated from materials to be usel on thefuture HSCT
aerospace vehicleOne goup of specimens was tested in #eereceivedtatewith no pretest
environmental eposure. A second goup was subjected to 5,000 howtf hot isothermal
exposure at 177°C (350yRand 0% rh prior to mechanical testing third group wassubjected
to 5,000 hours of hot/wet isothermabpesure at 71°C (160jfand 948% rhprior to mechanical
testing A fourth goup was subjected to 500 thermatleg between -54°G65°F) and163°C
(325°H prior to mechanical testing

5.5.1 Fracture Toubness

Figure 28 shows the results of the monotonic fracture Hoess tests on th&i/FM®x5/Ti
system. Differences in the mean values amdhg specimenexposedto variousconditionsdo
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not sugest siguificant differences in the G; values because of ovagping confidence mtervals.
Therefore, ti appears hat the TIFM®x5/Ti systam is rdatively insensitive to environmentd
exposure and displaya fracture tougness of 2000-2500/d® (11.5-14.3 in-Ib/if). This
is in ageement with values obtained by Parvatareddy et al. B8] (~2000-2400 /in
[~11.4-13.7 in-Ib/if]).

4000
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3500 1 Cycling : 500 cycles, -54°C (-65°F) to 163°C (325°F)
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FIGURE 28. FRACTURE TOUGHNESS OF THE Ti/FR&5/Ti BONDED SYSTEM

5.5.2 Crack Rth and Fracture 8faces

Crack growth was generally cohesive in this stem. The crack propaed mainlyalongthe
planeof the scrim cloth (figure 29). However, he fracure surfaces ohe specnen subgcied b
long-termisothermalexposureat 177°C(350°F exhibited a geater degee of crackingn resin-

rich regons between the scrim cloth and adherendgestigg a possible chamgn theproperties

of the polymide material. The shape of the crack front was indistinct on the fracture surfaces
perhaps due to the presence of the relatiwaliy scrim cloth.

FIGURE 29. RACTURE SURRCES OFTHE Ti/lPM®x5/Ti BONDED SYSTEM (AS
RECENED)
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5.5.3 Fatigue Crack Growth

Fatigue crack growth in the Ti/FM®x5/Ti systam exhibited significant satter among the

specimens subjected to various environmentgdosures (figre 30).

Given the apparent

insensitivity of G to environmental gosure, such a trend is to bepegted. Thresholdcrack
growth occurred at applied strain engrglease rate raeg near 100/th® (0.57 in-Ib/irf), and the
slope of the data was appnorately 3 to 4.
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FIGURE 30. MODE | FATIGUE CRACK GROWH BEHAVIOR OF THE Ti/FMX5/Ti
BONDED SYSTEM

6. CASE STUDY.

To evaluatethe exerimental results and finite element techniques described previauslis
report, results from an independent stoflyhe fatigie behavioof a boron-epoy patchbonded
to a crackedaluminumsheetwere examined. The independent studyas conducted byextron

SpecialtyMaterials,Inc., makerof the boron-epox prepregused for bonded repair applications,

and the Boeing Co. [49, 50] Fatigue testingrevealed that no patch debondiogcurred after
300,000 cgles at stress levels up to 138 MPa (20 K&hese levels are shgly higher tharthose
typically experiencedby fuselag structures on B37 and B47 commercial aircraft. The
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Textron/Boeing specimenswere analyed usingthe ABAQUS finite element progum to
determinethelevel of stran energy release rate gpplied duringthefatigue testing Theresults of
the finite element anaysis were hen conpared ¢ the experimental dai&a descrbed previously.
The intent of this aadysis and cmpaison wa to determine whether the results of the
TextronBoeing study were to be eyeced gven he anajftical and eyerimental resuts
disaussel earlier in this report.

6.1 THE TEXTRON/BOEING PROECT.

Fatigue testspecimens were fabricated from 7075-T6 aluminu#i5521 boron-epoxprepreg

and M®73M adhesive[15] Aluminum panels contained a 13-mm (0.5-in) -losaw cut
simulatinga crackto be patchedby a sixply, unidirectional boron-epgxdoubler. The doubler
andadhesie werecocuredonto thealuminumsheet Because oftte diference n coeffcient of
thermal expansionbetween the aluminum and boron-epospecimens contained a residual
curvatureprior to testing The cross-sectional stiffness ratio between the doubler and the
aluminum was 1.4:1.A 25:1 ply drop-off ratio (taper) was used at the exlgf the doubler.
Several boron-epgxdoubler gometries were investiged. Figure 31shows a schematic of a
typical fatiguetest speimen.

Aluminum 41—

Boron-Epoxy -

Region Used
: for Finite
Element Model

FIGURE 31. THE TEXTRON/BOEING FATIGUE TEST SPEQUEN

Fatigue testswere conductedat constantamplitudeat 5 Hz, R=0.15, and stress levels of 21 to
138 MPa (3 to 20 ksi)Run out was set at 300,000ct3s. The lower stress level was chosen to
eliminate the curvature of the spe&imens @ausea by the difference in the coefficients of theemd
expansion. The upper stress limit corresponded to the sum of theinmax stresslevel
experienced byommercial aircraft fuselagkins € 117 MPa (17 ksi)) and the 21 MPaK8)
offset required to diminate speimen curvature  Testingwas conducted usingrips which were
rigidly mounted to the test frame (i.e.,dkgips).
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6.2 FINITE ELEMENT MODEL.

The Texron/Boeing test specimen was simplified aatalyed as a two-dimensional plane-
strain model usinghe ABAQUS software. Since the patch was rsynetric aboutthe vertical

axis, onlyhalf of the patch was modeled sketch of the model is shown below (frg 32). The
model contains 3827 nodes and 3560 incompatible modes, 4-node quadrilateral elements
despgned spedicaly to acconmodat bendng. The albminum and he adhesie were modekd
usingeight and four lagrs of elements, respectivel\achboron-epoy ply wasmodeledby a
sinde layer of elements.Room temperature material properties were used and were assumed
bein thelinearly éastic regime and tempeaatureinvariant (teble 4).

0_7627 Boro PO

7075-T6 Aluminum

1-mm Bond Line
Crack

FM®73M Adhesive

<«—3.81

1.6

\4

98

A A

145

A4

- All measurements in mm
- Boron-epoxy ply thickness: 0.127 mm
- Adhesive thickness: 0.127 mm

FIGURE 32. MODEL OF THE TEXTRON/BOEING FATIGUE TEST SPEQYEN

TABLE 4. MATERIAL PROPERTES USED FOR THE MODEIOF THE
TEXTRON/BOEING SPECMEN

Einx = Ess 012 O3 013
Material (GPa) | (GPa) | (GPa) | vi2 | (x 10°°F) | (x 10°/°F) | (x 10°°F)
7075-T6 [ 758 | 708 | 708 | 0.33 13 13 13
Aluminum
FM®73M 207 | 207 | 207 | 034 40 40 40
Boron-Epoy | 207 | 17.2 | 17.2 | 0.21 25 13.1 13.1

The Textron/Boeingstudyinvestigateddebondsat the tip of the crack in the aluminum panel but
did not address a crack at the edd the doubler. In the presentmodeling effort at Georga
Institute of Technolog a 1-mm (0.04-in) crack wastroducedat the midplaneof the adhesive

at the doublertip. This flaw siz was chosen to simulate a defect which is undetectable using
currentnon-destructivenspectiontechniques.The siz was also based upon voideszobserved

in AI/FM®73M/Al double cantilever beam specimer@nally, the use of a bond line defect also
provided a bcaton atwhich to catulate a stain energ release rat
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After decreasing the tempeaature to modé the residud curvaure dueto residud stressin the test
speimens, [17] the finite element modd was loaded in a seies of stgs simuléing test
conditions (figire 33).

I ———
- temperature drop applied

- result: slight spe&imen aurvature
- speimen shemdic:

—

“Elexible Grip” Condition “Fixed Grip” Condition
3 P cowle
$%_| load —— ] wp S
- mechancal load (stess) apped - couple applied N
- right end not constrained to fit - nght _end @nstraned to fit into
into gripping system gripping system
- speimen shemdic: - speimen sheandic:
SP\ N
A - )
i

P

- mechancal load (stess) apped
- speimen shemdic:

—_———

o

FIGURE 33. GRIP CONDITIONS USED N MODELING THE TEXTRON/BOEING
EXPERMENTS

For the cool down step (step 1), the left end of the specimen was restraitmechorizontal
direction, the left corner was pinned, and thétrignd was left free.This set of boundary
conditions was based upon specimemsyetryand representihe constraintson the specimens
during fabrication. A 14°C (25°) temperature drop permitted the elimination of the induced
specimencurvature with the application of a 21 MPa (3 ksi) stress (as observed doeing
BoeingTextron experiments). 17]

The emperatre drop usednithe finite element anaysis was kss hanthat experiencedby the
spesimens duringthe postare cool down from thecure tempeaature to thetest tempeaature (AT
~61C (110F)). Possiblereasons for this discrepan@re the assumption of temperature
invariant properties and the fact that the boron-gpmd the adhesive weomcured. During
cool down in ocuring, residud stresses in theadhesive layer may not bagin to form untilthe
bonded assemblgeaches a temperature considerdi#ow the curingemperature.Thus, the
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differencebetveen he cure émperatire and e €st temperatire may be kss han he diference
between the temperature at which residual stresses bedevelopand the testtemperature.
The temperature drop empbxy bythe model reflects thigossiblephenomenoibecausdt is less
than the differencebetveenthe cure temperatire and lhe st temperatire. Regardless of he
reason for such a difference in thepexmentallyobserved and modeled temperature draps,
finite element model accuragly simulated the curvaure of tie speanens pror to testing and
sdisfied thecriteria tha the speimen aurvature was diminated with theapplication of a21-MPa
(3-ksi) stress duringesting

For fixed-grip condtions, he right end of he speanen coud not be curved because any
curvature would prevent it from beng able to fit into a fixed grip. Physically, forces and
moments were applied to thecurved Boeing/Textron speimens to @able tham to fit into the
fixed grips usel in testing This situgion was simulaed in the finite element modé by applying
acouple(concentrated moment) to thehtgend of the specimen followirthe temperature drop
andprior to the application of the mechanical loalkhis couple returned the hgmost specimen
edge to a vertical dignment and foraed theright end of thespesimen into aconfiguration tha
could fit into atypical fixed grip prior to loaling.

As shown in figire 33, the boundaryonditions usediuring the applicationof the couplewere
identical to those used in modelitige temperature drogJpon the application of theechanical
test load, the boundarmonditions were chamrgd to simulate the conditionsposedupon the
speimen bythetest mahine

The strainenery release rate was calculated usihg modified crack closure method described
previously

The analysis accountedor the geometric nonlinearityintroduced bylarge rotations due to the
asymmadry of thespeimen.

6.3 RESULTS AND DISCUSSON.

After simul&ing the tempeature drop to indue curvature, aload was gplied to theright end of
the model usin@n attributed area method to prevent the creation of a bemainggnt. Model,
Mode Il, andtotal strain enengrelease rates (fige 34) were calculated usinge ABAQUS
progam.

Figure 34 shows that Modeé Hominated the response of the specimen under apgiiiess,
comprising the mgority of the totd applied stran energy release rate (Gr). At zero applied
stress, he hernmd resdual stessesvhich causedspecmen curvaurealsoinduceda G, level less
than 1 Jm? (5.71 x10°2 in-Ib/ir). In general, the induced Gncreased vih increasig appled
stress, &ad thestran enegy reease rate a the minimum faigue stress of 21 MP&3 ksi) was
negligible.
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FIGURE 34. STRAN ENERGY REIEASE RATES PRODUCED B STRESSES APRED
TO THE TEXTRON/BOEING SPECMEN

During the fatigie tests done byextron and Being the Mode | strainenery releaserate (G))
varied betweenao andapprosmately8 Jm? (4.6 x 102 in-Ib/ir’) and he Mode | strain energ
release rate (3 varied between approrately2.77 Jm? (1.6 x 102 in-Ib/in’) and approimately
33 IJm? (0.19 in-Ib/if) atthetip of the artificially introduced crack in the bond linelhus, G
varied between apprarately2.77 and 41/m? (AGt = 38 Jm?). Notice tha theimposition of a
couple to force the rligmost end of the specimémconformto thefix ed-grip conditionresulted
in the applicationof a small amount of Model Istrain energ release rate prior to loadingn
addition, upon loadingthis small amount of Gwas initidly diminated but theé recovered to
form the major portion of the applied strain eryerglease rate within the bond linethaé crack

tip.

The residual stress state in the bond line near the crack tip contained both shear and normal (peel)
components. The shear component chadgfrom approinately 3.1 MPa (0.44 ksi) with no

applied load to -13.1 MPa (-1.9 ksi) at the maxm applied load of 145 MPa (21 ksihe

normal or peel component increased from a compressive value of mpaiey -0.18 MPa

(-0.026 ksi) at no applied load to a tensile value of apprately 6.4 MPa (0.93 ksi) athe
maximum goplied load.

In comparingthese results to perimental data fromestsconductedat Georga Institute of
Technoloy on the as-received AI/FRF3M/B-Ep sytem, it is not surprisingthat the
Textron/Boeing fatigue studyproduced no debondingp 300,000 cgles. The strain enery
release rates within the bond line were low (for thetibexBoeing /Gt = 38 Jm?) conpared
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with the threshold levels identified biye Georga Institute of Technologexperiments AGr gt =
100 Jm? which are described in previous sections of this repdlgo worthyof noteis the near
absenceof a peelstressor Mode | strain energ release rate at the tip of the doubldhe ply
drop-off taper appearsot have been effeete in reduchg peel stesses eveat the maximum
applied stress.

7. SUMMARY AND CONCLUSIONS

An experimentalandanalytical progamwas conducted to investte the effect of environmental
exposure on the durabilitgf adhesivelyponded joints.Double cantileverbeamspecimensvere
tested to eamine the Mode fracture and fatige crack gowth behavior of several aerospace
bondedjoint systems. Thesesystemsincluded materials from the C-141 transpor@Zfighter,
and High-Speed Civil Transportaircraft Finite element analyses were perfored b beter
understandhe behaviorobservedn the exyerimental efforts and to relate this research with an
independent studgf bonded repairs.

All adhesives investated for this progam displagd relativelyhigh Mode | fracturetoughness
levels. In compaing the G values obdined fromthe presentesearchd those cdeced n
earlier work byJohnson and Maraigiri [25], it is apparent tha#M®73M, AF-191, and M®x5
are quite touly even, in some instances, followirtg000 hours of exposureto a severe
environment. Most notdle in this rejard is theFM®x5 adhesivewhose Mode koughness and
fatigue crack growth bédnavior seem insensitive to preest environmentd exposure

With respectto the fatigue behaviorof these bonded joints, the slopes of the da/dN vek§us
data are quite steeplf described usin@ Paris law tye of equation (da/dN = @AG]"), the
slopes,n, of the bondedjoint fatigue data fall between 3 and 12, whereas that for a monolithic
aluminumalloy, if andyzed in terms of a stran energy release rate, is goproxmately 2. These
relatively steep slopes indicate that cradlowth in bonded joints is muchore sensitiveto
changes in applied loads or stran energy release rates than in monolithicmeals. Exposureto
various eavironments or to themd cycling did not g@pear to dfect this high level of sensitivity.

The threshold strain engrgelease rate values for the bondestays investigtedwere similar
and were on the order of 100nJ (0.57 in-Ib/if). Longterm exposure ta hot/wetenvironment
was observed to reduce the level;, in AM®73M systems althoug the threshold levels in the
AF-191 and M®x5 systens were unaffeet.

In general,crackgrowth in the bond line was cohesive implyg adequate surface preparation of
the adherendsHowever, crackingn the bond lineof the AIFM®73M/B-Ep system occurred in
the netrix of the conposte very near b the adhesie/composte interface. Ths was probalyl due

to a combindion of themd residud stresses, theresulting speimens arvaure and alower
toughness of the composite’s egomatrixas compared to the eppadhesive lagr.

Finite element anasgs usingABAQUS and GAMNASwere in close agement withclosed-

form solutions usé to deermine the critical stran energy release rates of specimens with
identical adherendsln addition, finite element anays were used to determine the amounts of
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Mode land Mode | presentat the crack ip in the AI/FM®73M/B-Ep sytem. These results
showeda significantamountof shearstresgresenin the bond line due to a mismatch of thermal
coefficient of expanson betveen he adherends.This shear sess tanshted nto a reétively
high degee of Mode | strain energ release rat presenatthe crackip.

The trends identified bthis research point to the need to address environmepasene inthe
design of bondedjoints. Knowledge of such sigificant changs in toudiness and crackgwth
ratethresholds should encoueathe modification of joint@metryor applied loads to preserve
the integity of the bond line over the course of the life of a component.

These rest$ are for eposure & spedic and sorawhat arbirary envronments, and sone
conaern exists as to ther applicability. For example, the longterm exposureto the hot/we
environmenimaybe consideredy some to be too severélowever, the conditions empleg in
this study are basedon actual service environments and, therefore, #re@gl trend of these
effects should not be discounted.

Thoudh not specificallyaddressed as part of this research effort, the effeenvironmental
exposure on the performance of composite adherends must also noikedigConsiderable
losses in adherend strehgand stiffness due thigh temperaturesnd/or high-humidity levels

may also reducethe durability of bonded composite joints.To accuratelyunderstand the
durability of bondedcomposites, it is necessaxy have knowledg of the effect of gxosure on
the individual materials and on the entire adherend-adhesive-interpktesa sg well.

Stress-based anaBs of adhesive joints have proven valuable fordbsq of bondedaircraft

structures usingtatic strenth considerationsHowever, to bettecomprehendlamag tolerance
in the presence of bond line flaws and durabilityder cglic loading and environmental
exposure fracturemechanics offers an additional metho@lhe longterm integity of adhesive
bondsandthe full realiation of their structural efficiencies depends on a thdrauglerstanding
of their behavior which fatige and fracture studies can provide.

This investigition of popular bonded stems has identified the need to addtassffect of the
operatingenvironment byproviding examples of degded performance followingxposure to
typical service conditions.Both static tougness and threshold strain energlease rates were
significantly effected,pointingto a needto include operatingonditions in the desmgof bonded
joints.

Regrdless of the nature of the adherends, the trends oadied) durabilityof bondedjoints
presented in this studghould encourag desigers and engeers to carefullyconsider
environmental factors in determinitige intended lifetimes of bondstructures.In addition,the
observedfatigue behavor indicaes hat the crack gowth rae for these @ints is extremely
saensitive to changes in thegpplied stran energy release rate. Therefore in the design and useof
bonded joints, continued operation below identified threshold conditions, a safe-life approach, is
most conservative.
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