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ABSTRACT: NDI of adhesive bonded structures on defence anmthuwarcial aircraft are underpinned
by reliance on damage tolerance by testing andysisabf bonded joints to establish what are often
inappropriately termed “tolerable defect sizes’rstltat the structure can sustain limit load witattbize
defect in place. Once analysis and testing have bsed to validate a tolerable defect size, NDIhoes

are developed and NDI test standards are manuéaktctarenable detection of bond defects to determine
the airworthiness of the component. The limitatiohthis approach for in-service adhesive bondshate
well understood and in some circumstances thisagmbr can lead to a risk to flight safety of bonded
structures, and the risk emanates from the interatietween short-term strength and long-term gtren
loss associates with interfacial degradation.

This paper will outline the relationship betweetiiui@e modes for adhesive bonds and the load capabil
of that bond. It will explain the factors which liménce the type of failure mode including bond desi
materials selection, certification requirementstarals processing, materials handling and impdigtan
the difference between the strength of the bulkeatle and the strength of the interface, and haseh
relate to the overall joint load capability. Themngadiscussion is valid for repair processes.

Despite the enormous commitment of resources dia@hce on NDI for structural integrity to manage
continuing airworthiness of bonded structures,eality the role of NDI for in-service inspectionagsly

of limited relevance to bond load capability, anter some circumstances can actually provide false
confidence that the bond is sound. The gap betwealtysis and testing of pristine bonds with arfic
defects of a known size, (and hence the requiresn@art NDI procedures and NDI test standard
configurations) and what actually happens in reait§ under service conditions can mean that under
some circumstances failure of a bonded joint mawyadly occur before the real structure exhibitsefedt

of the designated tolerable defect size. While aegeis underway to address the detection of “weak
bonds” these programs are not currently mature ginda provide a reliable measure of bond load
capability. This paper will identify the conditiomghere NDI and damage tolerance may provide false
confidence in structural integrity of bonded stures, and suggests that where these conditions,dbeu
only viable method for assurance of structuralgntg may be to implement proof testing.
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A case study will be presented to demonstrate dhsttucture which had been inspected in accordance
with the manufacturer’s specification several tinthging the last 90 hours service actually failed,
resulting in a fatal crash.

This paper will suggest that the means to contredarvice bond failure is dependent on processtsat
time of bonding, and if the correct approach to agimg prevention of in-service bond failures islaggh

the need for ongoing NDI of bonded structures cardiamatically reduced, resulting in a significant
saving for aircraft maintenance costs and a siggnifi improvement in flight safety. Adhesion Asstesa
Pty. Ltd. has been working with US and Europearulagry authorities to address the fundamental
issues of this paper.
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1. INTRODUCTION:

For some considerable time, the structural intggrftadhesive bonded structures has been managasebgf NDI to inspect
structures for defects equal to or greater thalasable defect size which is traditionally estsiid by analysis and structural
testing which demonstrates that a structure cataisubmit loads in the presence of such a def€gpically Finite Element
Analysis may represent the defect by disconneatioelement nodes to represent the disbond. Tesisuglly involves the
insertion of artificial defects to represent théedé and testing is undertaken to demonstratettfeastructure can sustain the
required load without failure. While that approdes served the aviation industry well for some tithere have still been
examples of failures of bonded structures. In ase@ bonded structure which had been inspectedadd¢imes in accordance
with the manufacturer's recommendations experienodtight failure resulting in a fatal crash soafter the structure had
passed NDI inspection.

This paper will explain how stresses are distriduteadhesive bonds, how adhesive bonds functidnimportantly how and
why adhesive bonds fail. The effects of differeatire modes on bond load capability will be disad leading to an
explanation of the conditions where damage toleramay not be appropriate for management of straktutegrity of

principal structural elements.

2. ADHESIVE BONDING AND DISBONDING MECHANISMS:

To understand the significance of deficiencieshis ¢urrent approach to structural integrity managenfor adhesive bonded
structures, it is necessary to understand the furdégal principles of how an adhesive bond functiams! also the mechanism
of adhesive bond degradation. Structural adhesivel® depend directly on chemical bonds formed atiriterface between
the adhesive and the adhergtifihese bonds are typically covalent, ionic or etestatic molecular bonds which are formed
during the fabrication process at the same timd@shemical reactions produce the bulk adhesivenmaaproperties. So the
load capability of the adhesive bond depends upondistinct and separate aspects; the strengtheobtilk adhesive and the
strength of the interface.

Over time in a service environment, both the bulkesive and the interface absorb from the atmospfdre effect of the
moisture on the bulk adhesive properties is to €@uslight reduction in the strength of the bulkexive which stabilises over
time as the adhesive layer becomes saturated.|d$ssof strength is well understood and is usuaflgounted for during
design and certification testing by establishing strength of the bulk adhesive from moisture ciiowiéd specimens.

It is the effect of moisture over time on the ifdéee which is not well understood, and it is thisamanism which causes most
bond failures which occur in servitd. For adhesive bonds formed on metallic materiasdhemical bonds formed at the
time the adhesive is cured usually involve reastioith oxides on the surface of the mefaP! Many metals have an affinity
for the formation of hydrated oxides, for example:

This hydration can occur at the interface of aneadle bond while it is in service, with the watdrsarbed by the bulk
adhesive reacting with the oxide layer. If this urs¢ then the chemical bonds at the interface batwibe adhesive and the
adherend dissociate to enable the hydration pracepsogress. This results in interfacial disbomdween the adhesive and
the adherend leading to a loss of bond strengttpassible eventual failure of the joint.
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3. BOND FAILURE MODES:

Physical examination of the failure surface camiig the type of failure, which provides a diremirrelation with the load
capability of the bond at the time of failure. ItiEoation of the failure type also provides evideron the probable conditions
which eventually led to the bond failure. There eseentially three mod&sin which an adhesive bond can fail ($égure 1).

Cohesion failure®, which is a fracture of the bulk adhesive,
Adhesion failure which is a failure of the interface, and
Mixed-mode failure which is a mixture of cohesion and adhesion failur

e S ) (S —
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COHESION FAILURE ADHESION FAILURE MIXED-MODE FAILURE
Figure 1: Failure modes which occur in adhesivedison

Typically, cohesion failures exhibit a high loadpahility and adhesion failures exhibit a low loapability. In some cases
adhesion disbonds have occurred in components wtitimy load being appli€d Mixed-mode failures exhibit a reduced load
capability which depends directly on the proportmfncohesion to adhesion failure; the more adhefadare present, the
weaker the bond is. It is important to understdrat for metallic bonds (and possibly for bonds emnposite materials) the
driving mechanism is the degradation of interfastaéngth driven by moisture. Because the rate@$ture uptake in a bond
is dependent on time, it may be seen in Figureafttie load capability decays with time since maatufre.

Mixed-mode

Adhesior

Time since manufacture sy

Figure 2: The relationship between load capabditg failure modes for adhesive bonds.

4. IDENTIFICATION OF BOND FAILURES:

4.1 Cohesion failures

Cohesion failures are characterised by havinglvasiadhesive on both surfaces as a result ofuiracif the bulk adhesive
material. Cohesion failures indicate that the amgdength available to carry the loads was inadequend there are two
causes for such failures; poor design and procesged voiding. For cohesion failures which ocecuthie absence of voids or
porosity, the adhesive fractures because the deggninadequate, caused by inadequate overlaphlepgbr selection of a
weak adhesive or inadequate management of thermessss. Cohesion failures in service are causedvieyload and

therefore are directly related to design or operdati issues. In all cases, cohesion disbonds aralysighly energetic and

Note the terminology used here refers to “cohesemmd “adhesion” failures in lieu of the common tarofogy “cohesive”
and “adhesive”. The old terminology often led tofision between “adhesive” failure (interfaciallmbading) and “adhesive
failure” meaning failure of the bulk adhesive matkrA recent meeting of the FAA Bonded Structwésrking Group in Salt
Lake City UT 16-18 July 2014 resolved to adoptabeve terminology.
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invariably result in total separation of the joii. such cases for film adhesives, failure will oc¢hrough the plane of the
carrier clotff! (see Figure 3).

e vl e | =L

Figure 3. Cohesion failure of an adhesive bond shgwhat the failure progresses through the pldribeocarrier cloth.

4.1.1 Voiding in adhesive bonds:

Processing deficiencies may result in bondline seithich reduces the overlap length, or a defectesgn process may result
in an inadequate overlap length to carry the reguioads. The voids may be macro-voids caused fge lgaps in the
bondline, or micro-voids (porosity) see Figdre

Figure 4: Voids which may reduce overlap lengthst@g cohesion failure. Macro-voids (left) and
micro-voids or porosity (right).
The causes of voids are directly associated witldyetion deficiencies. Adhesives exposed to humirenments prior to
cure will absorb moisture from the atmosphere &iadl inoisture boils off as the adhesive is heatst]ihg to the formation of
small voids (porosity) or if the amount of watereicessive, macro-voids may form. Macro-voids niag accur due to poor
fit-up or poor pressure application. With regardNDI the detection of macro-voids is exactly whd?INs intended to find
and the effects are reasonably well managed by garaderance analysis and testing.

The presence of detectable macro-voids in an adhesibond is therefore one of the conditions in whicHight safety IS
adequately managed by NDI and damage tolerance.

In contrast, porosity is a lot more difficult totdet and almost impossible to correlate with dantatgrance studies. Testing
has shown that significant strength fssan result from porosity with 53% loss of T-pstlength (ASTM 1876) and 28%
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loss of honeycomb peel strength (ASTM D1781). Ageoin the difficulty of correlating the overall lesof bond overlap
length with the number and sizes of the small vo@other problem with damage tolerance analysigpdoosity is that the
strength of the adjacent adhesive is assumed pisiine, when the reference test data clearly shibvat the load capability
of a porous bond is significantly compromised.

The presence of porosity throughout an adhesive bdnis therefore one of the conditions in which flighsafety IS NOT
adequately managed by NDI and damage tolerance.

4.1.2. Fatigue in adhesive bonds:

It is possible to encounter cohesion disbonding tdutigue, although this condition is exceptidpabre and will not occur
in well-designed bonded joints. Té8tshow that repeated applications of moderate ltatt®nded joints may initially result
in some residual offset when unloaded, but thisaffay diminish with repeated moderate loads dnuaild not result in

fatigue of the bond (see Figure 5) because the gamanot cumulative.

LOAD

Opening Displacement

OPENING DISPLACEMENT

Figure 5: The effect of repeated loads on the opedisplacement of a double overlap bonded joint.
Note the offset at zero load after the first cyeled that the amount of offset reduces with repklaizds.

If failure does occur, fatigue striations are ubualident on the failure surface (see Figure @tigue may also occur in
bonds containing macro-voids or porosity. Fatighiaroadhesive bond in the absence of voids usoally occurs for short-
overlap joints or in highly loaded joints betwetiff ®r thick adherends due to poor design prasti@ecause of the thickness
of the adherends and the common complexity of kigbdded structures, most NDI methods such assaltiias or tap-
hammer inspections tend to be unreliable.

Figure 6. Fatigue striations in an adhesive boRHofo courtesy Patrick Conor DTA-NZ.)
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4.2 Adhesion failures

Adhesion failures are characterised by total s¢jparaf the adhesive from the adherend at the feter (see Figure 7).
Adhesion failures are also characterised by anrmiesef fracture of the bulk adhesive with the faélwccurring at the
interface(s) between the adhesive and the adherends

4.2.1. Adhesion failures caused by production issse

Adhesion failures may also result from productissuies. Contamination at the time of production reglult in failure to form
the chemical bonds at the interface resulting iheatbn failure. In the case of contamination caudisdonds, the defect
usually becomes evident in the early service lifeth® component, once flight loads separate thesfaaf the “kissing
disbond”. Similar disbonds can also occur from swehte cure of the adhesive during the cure cyetehese should be
excluded by quality assurance during manufacture.

Bare Adhesive

Figure 7: Adhesion failure showing separation &f éldihesive from the adherend at the interface.
Note the absence of fracture of the adhesive lagdrthe lack of exposure of the carrier cloth.

The extent of loss of load capability will vary @eygling on the extent of contamination and the sfzine defect. Localised
contamination such as from a finger-print whiclsrnisaller than the tolerable defect size may havsiguificant effect on load
capability, whereas gross contamination may leagexttessive load capability loss. Unfortunately nmstrent NDI methods
cannot easily distinguish between localised diskantt the initial phases of disbonding caused bgsggcontamination. Such
cases should be managed by repeated inspectidmegbart at short inspection intervals until arresthe defect can be
confirmed. Any progression of defect growth shobdgrounds for withdrawal of the part from servieeen if the defect is
smaller than the tolerable defect sibecause the limit of the contamination is unknowd the bond adjacent to the defect
will not exhibit the strength of a pristine bond.

4.2.2. Adhesion failures detected in service:

In contrast, adhesion disbonds found in later serare almost certainly due to interfacial degradasuch as results from
hydration of metallic surfaces. Adhesion failures HOT related to fatigue, because fatigue of adhesival®doe to load
should manifest itself as failure through the plafiehe carrier cloth in film adhesives, and wililp propagate along the
interface in bonded joints which already exhibadacapability loss due to interfacial degradation.

In cases where adhesion failure occurs in sertimedefect usually initiates at the edges of joimbéch are exposed to the
environment or in sandwich panels where moistuteaigped. As already stated, adhesion failuresrogtilow loads and in
extreme cases total bond failure can occur in biserce of any load$hese are weak bonds.

Because current NDI methods can only find adhesiofailure related disbonds once there is an air ga@nd by that time
the interface adjacent to the disbond has already efjraded, NDI and Damage Tolerance is of limited vak for
assurance of the capability of the structure to suain limit load.
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4.3 Mixed-mode failures

Mixed-mode failures (seEigure 8) are in reality a direct result of the initiatiamd progression of interfacial failure such as
that caused by hydration on metallic adherendsh&sdnterface degrades the proportion of adhesdaré will increase and
the load capability will decrease until eventuatyme service load exceeds the load capabilityefjdmt and failure occurs.
If the degradation is advanced, then failure maguo@t a relatively low load. At the extreme cadeere degradation is
complete, the failure is fully adhesion and thedloapability of the bond is zero.

Adhesion

failure \

Apparent
cohesion /

failure

Figure 8: Mixed mode failure showing regions of esibn failure andpparentcohesion failure.

To understand the significance of mixed-mode fasuit must be understood that it is a transitidadre mode between
cohesion and adhesion failure modes. As interfatggradation progresses the locus of failure ménees failure through the
carrier cloth (cohesion failure as in Figure 3) apes adhesion failure at the interfdceas shown in Figure 7. Hence the
absence of failure through the carrier cloth israng indicator of the onset of mixed-mode failut®nversely, the presence of
minor traces of adhesive on the surface of an adigeis NOT evidence that the joint has failed coledg.

Because current NDI methods cannot detect the degtation of a susceptible interface until disbondingactually occurs
and by that stage the joint load capability has akady degraded, NDI and damage tolerance are ineffiae for
management of structural integrity for bonds experencing mixed-mode failure.

5. STRESSES IN AN ADHESIVE BOND:

There is a common perception that adhesive boraisidite the load evenly throughout the joint, g in a uniform shear
stress. A survé¥” in 2004 found that 78% of US manufacturers usésl dpproach to design their aircraft structures by
keeping the average stress below a nominal “desligwable” average shear stress despite the fatitthas been knowr
since 1936 that the shear stress in bonded jantst uniform because as load is transmitted imoatdherends the strain in
each adherend gradually changes, adding to theveeldisplacement of the adherends, and it is tbiative displacement
which causes shear in the adhesive. So the shaarsspeak at both ends of the joint and decaiénntiddle of the joint. If

the joint is long enough, the shear stresses megyde zero (see Figure 9).

The deficiency in the average shear stress desaghad can easily be demonstrated. If the sheagsstwas uniform and the
overlap length was doubled, then the joint wouldnit@lly carry twice the load. In reality if the srestress in a real joint
decays to zero, then any additional overlap singalgls to the zero shear stress portion of the prik the joint in reality
cannot carry twice the load. In fact the averagsaslstress approach is only valid for overlaps tless the value at which the
actual shear stress decays to ?8r(see Figure 10). The only reason many bondedtatesdo not fail is because the “design
allowable” stress is subjected to significant kndokvn factors, and the designs are backed up by extensive testing as
part of the certification process. There are desigthodS® which provide a more accurate representation bésige bond
shear stresses.

Note: For simplicity this paper will only discusgetconditions where the adhesive is loaded withéneiastic limit.
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Figure 9: Elastic shear stress distribution in eghpbints.

Joint
strength Shear stress decays to
zero in middle of joint

Overlap Length

Figure 10: The effect of overlap length on joirddiocapability.

An understanding of the effects of overlap lengthmportant for NDI considerations because thegmes of bond line defects
effectively reduces the overlap length. As may densfrom Figure 10 the presence of a bond defext dot necessarily mean
the joint is significantly weaker until the size tife defect reduces the overlap length below attemgcessary for the
development of the zero shear stress trough athwhie the joint load capability reduces rapidly.

Because the rate of load capability loss is sigrofnt, it is improbable that NDI and damage tolerane will be effective in
managing airworthiness for short overlap length jonts unless the inspection intervals are short andhe failure is
fatigue related. If adhesion or mixed-mode failurds involved, NDI and damage tolerance are ineffeate for managing
airworthiness.

6. REGULATORY ASPECTS:

Current regulations and design methodologies asshatdailure will be by cohesion, achieving thexinaum load capability
for the joint. The role of processes in the develept of bond load capability is addressed by FARG@X where the
requirement is that the process used must be kriowsroduce a “sound” structure. However, adhesiwads which are
susceptible to interfacial degradation actuallyspre¢ as a “sound” structure at the time of manufactvhich would pass
strength testing, but would later be susceptiblailare in service once the interface degrades.

FAR 2x.605 does not preclude the production of andhesive bond which demonstrates adequate short ternoad
capability but is susceptible to interfacial degradtion.
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Given that hydration is a primary cause of inteigfadegradatioft ¥ and hydration is directly related to moisture absd
from the environment, the requirements of FAR 28.6Bould address the issue:

2x.603 (a) The suitability and durability of matds used for parts, the failure of which could acedy affect safety,
must-

(3) Take into account the effects of environmeralditions, such as temperature and humidity, etguein
service.

Traditionally environmental effects on adhesive dmare assessed by “moisture conditioning” wheeeigpens are exposed
in a humid environment until the adhesive absorlesstare until saturated. While such tests may asldtke effects of the
environment on the bulk adhesive properties, thecedf hydration on the interface would not be iolg for such short-term
tests. One test which provides good correlationveeh accelerated test results and service hissotlyei wedge test ASTM
D3762. RAAF and USAF experiert® with processes validated with this test shows tihattest can identify processes which
provide excellent long-term durability. The FAA hemonsored a program to revise that starfttard

Unless certification testing interrogates the restance of theinterface to environmental effects, FAR 2x.603 will not
prevent loss of load capability due to environmenteaeffects on the interface.

The damage tolerance of adhesive bonds is regutgtE®R 2x.573 paragraph 5:
* Limit load capability must be substantiated by oh¢he following methods:

— (i) The maximum disbonds of each bonded joint detexd by analysis, tests, or both. Disbonds gretitan
this must be prevented by design features; or

— (i) Proof testing must be conducted on each préidacarticle that will apply the critical limit dégn load
to each critical bonded joint; or

— (iii) Repeatable and reliable non-destructive ingjien techniques must be established that ensuge th
strength of each joint.

With regard to paragraph (i) above, tolerable de$étes are determined by analysis and testingttaméirworthiness of the
structure is managed by inspecting for defects lvlaice larger than that critical size. The approaséd to determine the
tolerable defect size assumes the adjacent bgmisiine, whereas for cases where the interfadegsaded the bond is NOT
pristine and hence the load capability is redudéterefore the use of NDI and damage tolerance esifigd in para (i) is
ineffective for management of airworthiness.

If the bond load capability degrades in service the established procedures for assessing bond intetyribased on NDI
defect size and defect testing will not be able gubstantiate the ability of the bond to sustain lirit load throughout the
life of the structure.

The alternative approach of reliance on proofestt the time of manufacture as stipulated in i@rabove again will not
interrogate the potential for the degradation efititerface in service.

The third alternative of direct reliance on NDI darrently unsustainable because current NDI mettardsincapable of
“ensuring the strength” of bonded joints. Presebt khethods can only provide assurance of the algesefcritical defects
and cannot currently provide assurance of bond tagmhbility. Research in the development of a cidipako use NDI to

assess bond load capability will be discussed ge 4.

It may be concluded that the regulatory structure nay be interpreted in a manner which fails to prevehmixed-mode
and adhesion failures of bonded structures.

However, the regulations are supported by AdvisBinculars which provide guidance on how to intetpgad apply the
regulations, and the primary document for bondeacsires is AC20-107-B. Recent amendments to thémichent (from —A
to —B status) addressed the issue of adhesiondailoy advising that adhesion failures during fiegtiion testing must be
addressed before certification proceeds, and thatsion failures detected in service require thatcomponent be withdrawn
from service until engineering disposition addredse integrity of the structure. However to datepnovision has been made
for addressing mixed-mode failures by either refguiaor advisory documents.

The third level involved in managing airworthinegdonded structures involves the publication didydStatements and it at
this level that PS-ACE100-2005-10038 provides ih& fjuidance on how to prevent the onset of adimefiilure by direct

reference to the wedge test.
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At a meeting of the FAA Bonded Structures Workingp@ in Salt Lake City UT 16-18 July 2014 the FAAnaunced the
proposed development of a new Advisory Circular agthesive bonding which will specifically address awpropriate
methodology for production of adhesive bonds withguate resistance to interfacial degradation.

7. THE IMPLICATIONS OF MIXED-MODE FAILURE TO DAMAGE  TOLERANCE:

There are significant implications of the underdiag of mixed-mode failure for management of comitiy airworthiness of
bonded structures. The flaw in reliance on damatgrance to manage bonded structures is that gie &md analysis infer
that the adhesive surrounding the defect maintiéneriginal strength (see Figure 11(a)) whereasafdoond experiencing
progressive interfacial degradation the region@ahato a disbond will be weak (see Figure 11(b)).

Note that Figure 11 showscal adhesive strength, i.e. the shear stress at ¢hatidn at which the adhesive bond would
exceed the local strength of the bond. It shouldih@erstood that if a load is applied which cadadare at a given point it
does not necessarily mean that the entire jointfail, it means that the failure may exhibit itsaek progression of mixed-
mode failure. Total failure may not occur because adhesive ahead of that point may exhibit a hitgdeal strength. The
actual load at which the joint would fail (termdtetjointLoad Capability® is indicated by the area under the curve and this
load capability is the value used to assess thetstial integrity of the joint.

In Figure 11 it may be seen that the load capghilitthe joint with a degraded interface is sigrafitly lower than for the
defect within a pristine joingespite the fact that the disbond and artificialfdet are the same size

8. THE EFFECT OF SHORT OVERLAP LENGTH:

A further consideration in this discussion is tantne the interfacial degradation issue with tfea$ of bond overlap length
as shown in Figure 11. If the bond overlap is lathgn provided the remaining un-degraded lengthrge enough then the
joint should be capable of sustaining the requioads at the time of inspection, but it must bdised that further degradation
is inevitable and will progress until eventuallyetioad capability will reduce to a level which is fonger capable of
sustaining limit load.

Un-degraded: Cohesion failure

Mixe
Assumed cohesion failure mode Adhesion failure
Local Local
Adhesive Adhesive
Strength Strength

(a)

Disbond Weak bond (b)

Artificial defect

Figure 11: The difference in local bond strengtbrabe length of a bonded joint for (a) artificiaireated disbond defects
which represent production voids, and (b) the saimedisbond defect which occurs in service asriteeface degrades.
Theload capabilityof each joint is given by the area under the curve

In contrast, if the overlap length is very shoré tlhad capability of the joint may already be irpatte at the time of
inspection, even though the detected defect sizess than the defect size permitted by a damadgeatiwe analysis (see
Figure 12). For very short overlap lengths, evemn lttal adhesive strength may be degraded welwbéte local strength

exhibited in a pristine bond. As shown in Figure th2 load capability may be so low that mixed-méadiire occurs at a low
load, even though there is no disbond at allherefore for principal structural elements witeteort overlap length which are

Terminology: Because the actual local strength of a bond claamgth position along the bondline, it is necesstry
delineate between that local bond strength anadteeall strength of the total bond. This can belaad by referring to the
load at which the joint fails as th@ad Capability It is the load capability which is required tacerd limit load.
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fabricated using processes which may be susceptibilgerfacial degradation there is a real risKlight safety in managing

these structures by current damage tolerance metBiden that for short overlap lengths, NDI andhdge tolerance may not
provide adequate assurance of bond strength, tlyeremaining method for compliance with FAR 2x.583roof testing on

an on-going basis.

Fully degraded: NO COHESION FAILURE Fully degraded: Mixed-mode failure ONLY

Adhesion failure
\ Pristine local _/\
Pristine local bond strength

bond strength

failure

Disbond Weak bond NO disbond Weak bond

Figure 12: The effect of short overlap length om libad capability of joints exhibiting extensivedrfacial degradation.
The load capability of each joint is given by tlmeaaunder the curve.
Note the loss of local strength shown and the pdigiof bond failure even when there is no disdon

Current NDI methods and damage tolerance are ineffgive for management of structural integrity of shat-overlap
bonded joints that are susceptible to interfacial dgradation because the load capability of the jointnay be exceedeg
before any disbond occurs.

9. LIMITATIONS OF NDI AND DAMAGE TOLERANCE:

A primary limitation of current NDI methods is thaéfects can only be detected in cases where ajapiinterrupts a return
or transmitted signal. Even the simple tap-tesuisceptible to this limitation because joints which fabricated using simple
low strength double-sided adhesive tape give thmeseesponse as those which are well bonded. Ais gagy exist in
production bondsf trapped air causes voids. Air gaps only existin service adhesive bondsce adhesion failure has
initiated, and by that stage the bond load capgbidr short-overlap joints may already be compreedi.

The inference from this discussion is that adhebimed defects can only be detected immediately gfteduction, or once
adhesion failure has actually initiated and theaegipt bond is already degraded, and damage toter@amly assumes that
cohesion failures occur in otherwise pristine boAdese limitations are shown in Figure 13.

Current certification methodologies and damagerdémiee analysis assume that the bond around thetdstie is effective and
the failure of the adhesive adjacent to the deféitbe by cohesion. It is also assumed that gihdicant defects can easily be
identified by post-production NDI. Because NDI aamy detect air gaps, NDI is only of value latetive service life once
adhesion failure initiatesn between these limits, no defect is detectabl®lDl is ineffective even though the load capéapili
of the bond is decaying with tim&here is a risk is that the load capability of bend may decay with time to a degree that
flight loads cannot be sustained even though reeimice defect can be detected.

The significance of Figure 13 is that for most loé fife of the structure, neither current NDI mathanor damage tolerance
procedures can actually address the loss of lopdhiiéty for the joint. In the meantime, actual\see loads can exceed the
load capability of the joint before any defect neayst to a size which can be detected by NDI.
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Figure 13: The limitations of NDI and damage tote@in managing failure of bonded structures.

10. NDI ASSESSMENT OF BOND LOAD CAPABILITY

Research is progressing into methods for providimgeasure of relative bond strength, using speeflultrasonic inspection
techniquel®, laser ultrasonics, guided waves, ultrasonic spscopy, and resonance methods as well as holdgraph
method8”. These methods show potential for addressing sheei of bond load capability in the absence ofgajrs. A
significant limitation of these methods is that #proaches appear to assume thatttie joint exhibits a specific level of
weakness, whereas for real joints, the local barehgth varies through the joint. If these methoolsld be calibrated against
the samples of known reduced strength, and thejothewas scanned over the bond length, theseegiwes could indicate
local adhesive bond strength which could be integratedgathe overlap length to provide an estimate efitlad capability of
the structure (see Figure 15). Hence it may beilples® correlate the predicted joint load cap#&pitiased on the total signal
output over the length of the joint. Such a develept would probably meet the requirements of FARB 23 paragraph 5 (iii)
above. This would represent a significant advandeDI technology.

Cohesion failure
Adhesion failure

Adhesive
Strength

Disbond Weak bond

Figure 14: The variation of anticipated througmsmission ultrasonic A-scan signal with locatioongl a degrading adhesive
bond. (Images courtesy Dennis Roach, Sandia Naltlaabs [For Bookmark not defined. Jy
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11. PREVENTING ADHESION AND MIXED-MODE FAILURES:

For metallic structures the mechanism that drivéeriacial degradation is hydration of the oxidgelaon the surface of the
adherends. There are methods for surface prepamtiadhesive bonds such that the potential fordtj@h of oxide layers is

minimised and may even be prevent&lich bond will be highly resistant to developmentnixed-mode and adhesion
failures.

Service experience with the USAF and the RRAmas shown that for on-aircraft bonded repairshibied failure rate over
extensive service exposure is almost zero. Hehi® possible to produce adhesive bonds which edined extended service
lives without mixed-mode or adhesion failures.

Load capability of joint

Well bonded

Degraded

local strength

Integrated signal as proportion of

Position along joint overlap

Figure 15How the integrated local strength of a joint aglipteted from UT through transmission (or any of{iBt method)
could be used to determine the load capability ledraded joint.

One of the issues in assessing the resistancéeofaoes to hydration degradation is that the ¢fface time related, and hence
unless a reliable short-term test can be identifiedlistic evaluation of production processes tgike the life of the part. The
work of the USAF and RAAF identified that the wedgst ASTM D3762 is an effective short-term tesfohtdifferentiates
between poor processes and those which can prtaager-term bond longevity, provided the standardrmended to more
adequately identify reliable processes. The FAA@psogram underway to prepare such amendfénts

12. CASE STUDY:

To demonstrate the short-comings of current managéemractices for adhesive bonded principal strattelements an
example of a fatal helicopter crash is discussedthis case, a well maintained helicopter with gapegienced pilot was flying
in calm, sunny conditions when one of the mainrrdades broke up in flight causing the aircrafctash into the sea. The
Investigator in Charge (lIC) concluded that the tmm®bable cause of the crash was disbonding ofadrte main rotor
blades. Examination of the failure surfaces reveealdensive adhesion and mixed-mode failure (sger&il6) with very little
evidence of cohesion failure. In one case theraigxhibited total adhesion failure, (see Figure 17

The aircraft underwent a scheduled 100 hour sejjusteunder 80 hours prior to the crash. The blade inspected and tap-
tested. The blade had been re-examined and agategted about 17 hours after the service whetoangiported some flight
aspects that could not be properly characterised
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Figure 16: Failure surfaces from bond surfacesefielicopter blade salvaged after a crash.
Mixed-mode failure is indicated with the red arramnd adhesion failure with blue.
There is no cohesion failure exhibited anywheréherfailure surfaces.

T 1

Figure 17: Bond failure surfaces from the crashaitbpter blade showing (arrowed) total adhesidlifa.

One bond defect which was within manufacturer’'sitémvas located in a skin-splice area but this ciefiad not propagated
when inspected in a further scheduled 50 hour sereénd during the crash the adhesive joint coimgithat disbond did not
fail. No other defects were found in the bladedighe skin-to-spar bonds when the blade had bespected visually and by
tap-hammer inspection in accordance with the marurfar's manual in the initial servicing, the unsdhled 17 hour
inspection or in the scheduled (visual) inspectqproximately 20 hours prior to the crash. Desp#ig inspected three
times within 80 hours prior to the crash (see Fegl8) and no defects being detected in the areahwdter exhibited mixed
mode and adhesion failures, the 1IC concluded ttiatmost probable cause of the crash was thatdhesave bonds in the
blade failed, resulting in the crash.

It is significant to note that the nominal overlapgth for this bond is 0.5 inches and the toleraldfects size was 20% of the
bond. Examination of the failure surface of manpd®such as shown in Figure 16 and Figure 17 glsAdws that the bonds
exhibit characteristics which are consistent withstantially reduced load capability (i.e. mixeddaand adhesion failures)
yet all of these bonds actually passed three ingpec

In fairness, there is no way to definitively stdtthese specific bonds failed as part of the @hikilade failure which probably
caused the crash, or if the bond failures occustdzbequent to the initiating event, but what canldfaitively stated is that
there is no question that these bonds would exhilditad capability well below the original certdition load capability. In
particular, the region of the bond that exhibitednplete adhesion failure (see Figure 17) the |I@mhbility would have been
substantially lower than the original certified doeapability.
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Figure 18: A timeline showing the sequence of thingpections of the blade over the last 80 hounge®prior to the crash.

There is no doubt that the forensic assessmenhefbond failure surfaces indicates that the bonadlaapability was
significantly lower than the qualified bond loadpedility. There is also no doubt that the approtdal methods intended t
manage airworthiness failed to identify the sigrfit loss of load capability of these bonds, whethaot they played a part
in the actual cause of the crash.

O

13. CONCLUSIONS:

The conditions for which NDI and damage tolerang/ tme unable to prevent failure of a bonded joiat a
o Adhesive bonds in which extensive porosity is pnése
o Adhesive bonds in which interfacial degradation magur and where the bond overlap is not suffictent
provide a sufficient reserve of load capabilityetimable detection of the occurrence of disbondsréetfee
reduced joint load capability is exceeded by fligiatds.

For such conditions, regular and on-going prodirngsat limit load in accordance with FAR 2x.573&graph 5 (iii)
may be the only method for assurance of continaingorthiness.

Current procedures for establishing tolerable defizes based on artificial defects in otherwidstime bonds do not
adequately represent the actual strength conditidrish exist in adhesive bonds which are experiapénterfacial
degradation. As a consequence, NDI based on atifiefects may fail to meet the substantiationliwiit load
capability requirements of FAR 2x.573 after thetjmin service and the interface begins to degrade
Both porosity and interfacial degradation are diye@lated to production processes and can becpted by:

1. Elimination of the sources of moisture absorptionmpto bonding to prevent porosity.

2. Selection of surface preparation processes whiolighe resistance to interfacial degradation, espigcby

hydration of surface chemical bonds.

If current research programs actually achieve Hudy‘grail” of being able to accurately assessltiael capability of
weak bonded joints in a structure, it may be pdsgsibmore accurately manage damage tolerancerafdab
structures. If the fundamental causes of adhesidmaixed-mode failure and bond porosity were elatea at
manufacture, the need for a methodology to asseak tsonds would be limited to post-production assest of
contaminated jointsThere would be a significantly reduced requirentercontinually inspect adhesive bonds in
service.
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