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SUMMAR)'
Rivet hole-s art, potential %ites for fatigue, crack initiation in airc raft structures. Several
meihodsc for improi ing the, lsfi of such details stere investigated including coating the
surface of the, hole %with adhesAIei cold-expansion of the holes, the insertion of close-fit rivets
and the use ofii adhcesIt l-bonde-d rivet.

Of the rarious tcchniquesi e vatnined on/i that in volvirng adhesivety-bonded rivets
* provided any significant impro vements in fatigue life. It resulted in a reduction in fatigue

crack propagation rate of about 50",, compared wvith that for specimens incorporating
open holes,

A finite element analyvsis indicated that adhesive bonding significantly reduces both

the local stress concent ration ait the hole and the stress intensities at the crack tips, thus
retarding crack initiation and reducing fatigue crack propagation rates. However, the
effecti ve reduction in stress intensity resulting from bonding (about 17,.) is much less than
the S0 ". predict-ed by the finite element analysis. This discrepancy is attributed mainly
to shortcomings in the model/or defining the charac-teristics and behaviour of the adhesivet
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1. INTRODI CTION

Duiring the full-scale fatiguec testing of Mirage Ill fighter wing% at the Swiss Federal Aircraft
I-acto- I I~ - I. Sm itrirand, fa'tigue craicks %%ere discosced at litec innermost bolt holes along
the rear flange% of thc main spar% SuhsL#4ucntiNI. crack Indications %%ere confirmed at identical
locations in wings oft the Ro~al .Australianr Air Force Mirage: Il() fleet IRef. 1). As a consc-
quence. sesral insestigations %%ere undertaken at thc Aeronautical Research Laboratories (ARLI
to explore methoids for increasing the fatigue fis at critical sections of the spars I Rcfs V 3).

An area in the wing main spar of particular concern vwas the first bolt hole in the losser
rear flaingt: A detail oft the %par in this region is, shown in Fig. 1. The development of a life-
enhiancenient scheme for this portion oif the %par %kas complicated hN (lie presence of two through-
thc-flange single-leg-anchor-nu Lt (SI AN) ris et holes located close to thle bolt hole in a chordw ise
dir Io Flt 111 hougl ile i nstaIliat ion of iiiterfecrenc -lit steel hushes at tile bolt hole %irt ua II
inhibited crack initiation at the bolt hole I Refs 1. 2) andi the adoption of a modified system for
securing the St AN ohs ated the need for throtigh-the-flainge ris ets.ia consequence was that the
SI. AN riset holes then became tile critical locions for fitigue crack initiation. Sexeral alter-
natis es ins luding reamning. cold-expanding andi the insertion of' close-fit ris ets were tested as part

of the nminii fe-eniliincemencrt insestigation for tilie spar. but these did not pros ide anN significant
inipisements In life for cracks which initiated atl lte riset holes.

Nktdlist hot ndiny oM close-fit ri ets in tile SL A N holes %kas then proposed as a method of
rnrro ting litigue lite I lips w is based -in tile premise that thle adhesise would result in be-tter
load transfer ithrough the riset land III sop doing reduce tile stress conceintrating effect of- the
hole i anid. subseCquenlt to Lrick Init ation reduce the stress intensit, at the crack tip (Ref 4).
In adiionil. filie Idhesi.01,1oud i%.t Is an ensironmettal harrier (Rel. 5). or pros ide an intcrla~ er
%khfit h soiild redute tie effctis of fretting httsseeii the riset and hole surface. rlie proposal wkas
Int esigatled IF) hi'.,'0 tmpcmentarN series oii fatligue tests w Itich are cos ered b% this report.

I igurc 2' Ilust rates the basic forms of the twko Is pes of fatigue specimens emplo~ed in this

iimesiigattt'f r lic use of ;,ot t~ pes \was ncessitated 11 file .isatlablilihk at the time of sulitable:

test mlaterial I PC (a I bcting made fromt ifcuts it? BS I lox' aluminium allo% extruded bar
mil n . A I ' noin se ctioin (Serial 614i used (or the iisestipanitn reported In Reference 6.

t leI pel i hi %wre taIken ifoml ollttfits tl I' imi tliik 20114- 10 tSIalUmniniUmn allos rolled plate

(ft sosereif h,, Rclereris I In both Lawes the axis of thes1ecinien \kas p'irallcl ito the4

'it ssi st rling of (the material I hc lienikmil coittiio~ns. tensile priiperttes and
IriastilC Oiftes the niaterials ate gisen Ini Apienix\

2.1 1#spe Ia) pcinwaihitotal 21f

Ili tfiese spcsilns. the pitch betweecn the twin holes was the samie as the nominal pitch of
(fte ts%, trp,.t~e ii the SI -\% a..nd thle distance: fronm the centre line of each hole to the closest
id otfe . (ic spcomni w is that frotm the inner side Of lte h mmn spar bolt hole to the centre: line j~

I (iei fir~f rikt ho ile i c N 'IP mni -\ %pecimen thickness of 34) mim was chosen to correspontrd
to ifie (fitkn\ ofes t the spair flange at lte St AN section.

I lice fiei il tiositions and static propcrties of these materials, are equisalcnt to those Of

lte I irni .illow V.I 4S6, used lor the manufacture ofl the spars.
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-light different hole trcatmcnts were investigated.

ti) Ilolcs drilled 331 mm diameter. 0 125 inch diameter universal head rivets inserted
against a packing piece. Aith the tail of the rivet peened into the countersink. This
gencralls represented the original condition in the RAAF Mirage 1110 wings.

i H Holes drilled 3 .3 mm diameter and left empty. A condition equivalent to that of rivr!
removal from the spar flange without any reworking of the rivet holes.

Ito Holes reamed to 4 mm diameter and lcft empty Representing a situation in which
the rivet holes "ere simply cleaned up for inspection.

is%) Holes as in (u) incorporating %elected 5 32 inch (4 mm) diameter countersink-head
2117 aluminium allo) rivets presisd-in by hand to provide a neat lit. Designed to allow
,omc load transfer through the rivet hut to enable easy rivet removal for hole inspection
during testing if required.

ist Holes and rivets as in lit, hut with rivets permanently bonded in position using an
epoxN adhesive l pc K 138 *

Ii h)les cold-expanded using the Boeing split-sleeve process (Ref. 7) to finish at 4 mm
diameter ° |Holes left empty. [he cold-expanding process introduces a residual com-
pressise %tress hield adjacent to the hole which can retard fatigue crack initiation and
growth

I% it Holes as% in li I but incorporating closc-lit rivets as in (j)

(1510 Holcs and rivets as in tvii) but with rivets adhesively bonded as in Is).

2.2 Type (bi %pecimem (toal 9)

In these specimens the distance from the centre line of the hole to the side of the specimen
IS 70 mm) corre pondcd to that in the T pe (a) specimens. The specimen thickness was, however.
slighti% less i e 28 mm I our hole treatments were investigated.

i) H4oles reamed to 4 mm diameter and left empty. IEquivalcnt to Type (am).

iii Holes reamed as in () and left empty, hut a coating of adhesive applied to the hole
surfa c

(111) Holes reamed as in t) but incorporating pressed-in closc-lit rivets. Equivalent to
Typc (ai%)

(i) Holes reamed as in ti) hut incorporating adhesive-bonded close-fit rivets. Equivalent
to Tpe (as)

3. fATIG( F' TETS

The multi-load-level fatigue testing sequence adopted for this investigation was identical
to that used for the other Mirage life-enhancement programs (Refs 1-3, 6). It consisted of a

100-flight sequence of four different flight t)pes as indicated in Fig. 3. Cycles of +6-5 gi -I 5 g
and 1 7 5 g 2 5 g ia total of 39 cycles in 100 flights) were applied at a cyclic frequency of
I H, whereas the remaining 1950 cycles per 100 flights were at 3 Hz. Sine-wave loading was
adopted throughout. All fatigue tests were carried out in a Tinius-Olsen servo-controlled
electro-hydraulic fatigue machine, the 100-flight sequence being achieved using an EMR Model
1641 programmable function generator controlled by a punched tape.

Details of the hole preparation, etc. for the adhesive-bonding and cold-expansion process are

." given in Appendix 2.

.
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a or d .pc a) specens fatigue loads were based on the assumption that + 7.5g corre-
sponded to a |gro,,s-area stress (if 235 MPa (34 100 psi) and that there was a linear stress/g
relationship i.e. the I g gro,,s-arca stress wa~s 3,1 .3 MPa (4547 psii). This magnitude of stress

was chosen tin the basis of res ults from a previous investigation (Ref. 6) using the same batch of

material so that individual fatigue specimens should have test durations of between about one
and t ,o dais. Specimcni, with 1.3 mm diameter hole,, had a nominal nett area of 562 mm2.

while those %sith 4 mm holes a net area of 520 mm 2 The resulting nclt area stresses were 318 MPa
146 IW p~ij and 1,44 MPa (49 9MX psi) respectively a difference of abo~ut ",_

The nell area %ire%%, chosen for the Type (h) ,%mc.imcn% wsas the same as that for Type (a)

specimens incorporating 4 mm holcs, i.e. 344 MPa (49 900 psi). In this case the gross area stress
as 2 MPa (38 390 psi)

Tables I and 2 give the indiv dual fatigue lives, log, average lives and standard deviations
of log life for the %arious groups of T.pc (a) and Type (hN specimens. The extent of the fatigue
cracking and representatisc fractures for Type (a) specimens arc illustrated in Figs 4 and 5
rcsp'stivcl. while similar information relating to T)pc (h) specimen% is shown in FVigs 6 and 7.

4. DISI( NSION

The indi idual fatigue tet series involing the ["in hole and single hole specimens both
demonstrate the clfctieness of adhesive-bonded rivets in providing a significant increase in
the life io failure relatise to those for other hole treatments. (ompared with specimens having
reamed open holes, the ratio of hes for speimens incorporating adhesive-bonded rivets in
reamed holes are 2 65 and 2.61 for the twin-hole and single-hole specimens respectively. On the
limited data .iailable. the cold-expansion of the holes in the twn-hole specimens does not result
in a significant increase in life compared with that of reamed open-hole specimens, hut bonding
ot rivets in cold-expanded holes ay:iin prov ides a marked increase in life. Furthermore. an ad-
hesic oiling on the hole surface of the single-hole specimens has not resulted in an improve-
ment in hie

I or both t 'pes of specimens the lives of those incorporating pressed-in rivets swere not
,ignficantlh different to those of open-hole specimens with similar hole conditions. On the
hasis of net area strescs, the 4 mm reamed open twin-hole specimens would have been expected
iRcf 61 io hasc an aserage life of about 55,. that of the 3 3 mm drilled hole specimens. i.e.
421 flights The greater actual life 15929 flights) of the reamed hole specimens probably reflects
the muh better hole surface finish in these compared with the drilled-hole specimens.

I hree reasons which could be advanced for the significant improsement in life associated
w ith the use of adhesice-bonded rivcts arc.

tat the adhcsise acting as a harrier to inhibit crack initiation which might otherwise have
been accelerated by environmental interaction

h the adhesive acting as a non-metallic interlayer, thus separating the rivets and hole
surface and reducing the potentially deleterious effects of fretting;

it. the adhesive providing improved load transfer characteristics at the section, both before
- 4 and after crack initiation.

I he tests on single-hole specimens suggcst that the adhesive coating, as such, does not play
a major part in the increased life associated with adhesive-bolnded rivets. An examination of the
fracture surfaces of specimens with filled holes (i.e. incorporating either pressed-in or adhesive-

" ~bonded rivct,) indicated the presence€ of fretting at or close to the countersink-end of nearly-;

every hole, with lesser or no fretting at the other end of the holes. Of the 20 'filled-hole" speci- -

-I mens (15 twin-hole and five sinle-hole) the primary crack initiation in 13 was some distance
from the ends of the hole and in the other four close to the end opposite to the countersink. .

)L 3

AW



It was onl in the other three cases (one twin-hole cold-cxpandcd, adhesive-bonded specimen
No 61R22. and two singlc-hole one each with pressed-in and adhesive-bonded rivets. (JIZ
and (iJ I/A rcspMecti.Nl that the primary crack developed from close to the countersink and
fretling apparentl. did pla% a significant part in it% initiation. Thus. as fretting was not a major
factor in crack initiation in the non-adhesivc-hondcd specimens, the anti-fretting properties of
the adhesic intcrlacr are unlikely to he responsible for the benefits resulting from the use of
adhes\ie-honded rivets.

,%n improvcd load transfer at the section containing the holes would he expected to delay

the initiation of fatigue crack, hs reducing the effective stress concentration and, providing
the continuit of the adhesive was maintained. to reduce the fatigue crack propagation rate

because MI a redu.-t on in the stress inten sit% at the crack tip. In order to elucidate this matter

fratographic crack growth studies were made on seeral single-hole specimens ithcse heing
chosen in preference it) the twin-hole specjn)en because of their less complicated crack develop-

ienrit and t avoid problem, assci-atcd v lih s crack interactions which wcre apparent when two
hole,, v er, present ) and a complementar., finite-elcment analysis made of the stress distributions

around uncrackcd and cracked open holes and holes containing adhesitely-honded rivets.
t)he specimen from cach of the four sing l-hole i. pes was selected for detailed fractographic

e\aminaiion. and the respectise fracture surface,, are illustrated in 9'ig. 7. It is clear that there
.are sigFnii:aln di ffrences in crack dceelopment in these four specimens. and although a basis
for selection % %as that of appro\irnatcl\ equal masimuni crack depth% on both sides of the hole

this criterion oul. not be saiisfied in the case of the specimen with a pres%ed-in riel (Type

I biim I he fracture surlac: feature used as the reference for crack growth measurements was
that produced b\ the - " f load v hich occurs onl. once in the ltM)-flight sequence, during flight 42.

In e\er. case growth data were obtained for the cracks initiating at both sides of the hole.
l)etails of the fractIographic lechniques employed are given in Appendix 3. These included

the use of nmacrophotographs,. an opl al stereo microscope and a metallographic microscope.
( rak growth measurements were obtained at distances as close as 0 020 to 0-039 mm from the
holc ,urtace in the case of specimens with open holes and pressed-in rivets and 0 125 mm in

the cise of the specimens with adhesive-bonded rivets. The incremental crack growth data
obtained using the three technique% were comhined to provide the series of crack growth plots
illustrated in I if X. and the curves (for the longer crack in each of the four specimens) shown

in Vig 9

T hese . ur", show% ihat the fatiglue crack propagation period co\ers a much greater part
of ihc life in adhcsicl. -hondcd rivet specimens than in the other three types of specimens.
lhowever, as the mavimun crack depth for a given crack geometry is defined by the fracture

toug hnes of the material, no great diffcrences in the crack growth characteristics between the
four t pc of specimens would have been anticipated at crack depths approaching complete

fracture Because of the ahsence of definable features on the fracture surfaces of adhcsive-bondcd
speuimcns at :rack depth,, of less than 0 125 mm. the fractographic studies did not provide
an, evidenc: relating to the effects of adhesive bonding on fatigue crack initiation in these

speci meins

The frac(ographic crack gro th measurements also allowed the determination of the incre-
mental crack propagation rate% at the different crack depths corresponding to the applications
of the 7 5 g load Iwo speciniens were selected for detailed analysis. They were the open-hole
spcii-n No (o J I/B and the adhcsivelN-bonded rivet specimen No. (iJ2Bl6, each of which

had rcasonabl s'mmetric crack growth from both sides of the hole. This allowed the crack
growth data for both sides oif the holes in the individual specimens to be pooled. The crack depth
versus incremental crack growth data were plotted on linear scaleS and second order polynomial
cur\cs filled (it should he noted howeer that there was considerable variability in the raw

-4 incremental growth data for crack depths (f ogreatc than about 2 mm), Calculated crack growth
rates at elected crack depths are given in Table 3.

On the premise that Ifor similar crack geometries) an) gi en crack propagation rate repre-

sents conditions of equisalent stress intensity factors in the two types of specimens, it can be seen

from I able 3 that 0 5, I f. I 5 and 2 0 mm deep cracks in adhesively-bonded rivet specimens

are equivalent to those of 0, 2. 0 6, I 0 and I .4 mm in depth respectively in open-hole speci-

- amcns. Clearlf. the percentage reduction in crack propagation rate associated with the use of
bonded rivet% decrea.ses as the cracks become deeper, and would approach icro at final fracture

4 V
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conditions. Using data for a similar material published elsewhere. (Ref. 9) it was estimated
that a reduction in fatigue crack propagation rate of 50",, should represent a reduction in stress
intensit. at the crack tip of about 17%. Reductions of about 50",, in crack propagation rate are
eident for the opn-holc specimen when comparing the rates at crack depths of 2 0 and I I mm.
and I 4) and 0 5 mm. and for the adhesive-bonded rivet specimen at depth% of 22 and
I 3 mm, and I 2and 07 mm. At acrack depth ofO.. mm thecrack growth rate in the bonded-

rivet specimen is about half that in the open hole specimen.

In order to understand the mechanisms which resulted in the increase in fatigue life of -he
adhesisel%-b)nded specimen a detailed finite element analysis (Rcf. 10) was undertaken on the
single-holc specien rcontaining a bonded rivet. Initially the specimen ssas considered to be
uncraLked and. due to s,,mmctry, only a quarter of it was modelled. The resultant plane strain
finite element model consisted of 39 cight-noded isoparametric quadrilateral elements and eight
six-noded istoparametric triangular elements see Fig. IO(a). Element stiffness matrices were
Computed using reduced integration and double precision and the solution ssas also performed
using double precision

The aluminium allo.y riset and specimen were both assumed to hase a Modulus of Elasticity
tof' 7 ()X) %,IPa and a Poisson's ratio of 0 32. while the adhesive was assumed to hase a Modulus
of Elasticit of 7l) MPa and a Poisson's ratio of 0 35. The adhesise layer Was very thin and
although its thickness v.as not precisely known it was, for the purpose of this analysis, taken to
be 0 012 mm It was assumed that the applied tensile stress corresponded to the maximum load
tt 5 ' g in the fatigue sequence. This resulted in a gross area 'applied' stress of 265 MPa and a
nett scction stress at the hole of 344 MPa.

I ntortunitell no information on the static tensile or fatigue strength of the adhesive ssas
,.ailahle .ind ' t%, ,parate analyses were undertaken %%here:

i11 th idhcoiic s as assumed to not yield or fail.

i i the adhesie was assumed to fail whereer the peel stress was tensile --this represented
t condition hN which at least 0",, of the glue line had failed.

ic reultil M thcc. ,anjilew c.an he found in Table 4 as can the result for the case whein the hole
i.., unill..d I hi, ,ho'ks that in each case the adhesis.clN-honded ri et has dramatically reduced

thc si rc s vs irmii 14 Ith hole and thus a significant increase in the life to crack initiation could he

\ti +'ii I, n'%% directed to the situation when the hole is cracked. (racks of various
di.ct" depths. up to a maximum of 2 5 mm. were considered for the following cases:

ii) tihriugh crack on ine side of the hole only (half the structure modelled).

tii through cracks oft equal depth, on each side of the hole (a quarter of the structure
modelled)

I he hnite element mdel for these problems consisted of approximately 74 cight-noded isopara-
me.tric quadrlaia-ral elements and 32 six-noded isoparametric triangular elements for case 0)
.nd 1(, and 24 :spec ticl. for case (ii) se Fig. 10(h). As before. reduced integration was used

and the solution "as performed in double precision. The results of this analysis are given in
lables 5 and 6. Also gisen are the values of the stress intensity factor for the case when the hole
i\ unfilled and for the case when there is a crack but no riet hole. The results for the double-
sided crack case are shtn plotted in Fig. II.

I here are a number of important points indicated by this analysis

it A' bonded rivet significantly reduces the stress intensity factor, even after a significant
proportion of the adhesise has failed Ihus the use of adhesi e-bonded rixets would be
expected to result in reduced fatigue-crack propagation rates.

ii) 1 he values of stress intensity factors for the case of a crack on one side and for the case
of a crack ot the same depth on both sides of the hole are almost identical.

5i
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iii As t he crick depth increases a crack it af bonded rivet hole behiaves as, if thfe specimen
does niot contain a hotle. lIn the present ease this asymptotic behaviour is cllcctivcls,
reatched at .a crlack depth oit approximaitely 2 5 mim. Fhis is particularly important
sinkc it alloss simple. andtl e acrirate. .inalstical estimates to be: obtained for strcss
initwis ttorls of iracked holes ss hich arc to he repaired bi, a honded insert

itI, In the .C Of .ic 1,,On bhtth sides 0- the hole the value of' the stress intensitv factor
i .,I ii miiii .rakk a t ., bonded riset hotle tss th adhesisec faled fin tension) is ;itpproli-
mails the saniceIt, for a (I S min crack ait an unfilled rivet hole.

l~llthis tiilmar% ,I thc tiriite element anralsll, has concentraited on bondied rivets ssith I

parik1. iii dhssetikness, thec more itetaitest inisesligation presented in Ref 10I covers the
etfec Is I atriblc idhiesise 11iliciss anid the ise oif ai bonded slIeese ini larger Fastener holts

\ tiiip1irrs01n A thc reslts, of the uinite element aiialises (or crackedf specinsn and thle
slatji obtained trim the frittigraphik ainmlssis indicates that the finite element anaissis success-
fulls rredcr', the t'bxered trend' Relterringz to thec datli in Ethic 3 and Fig I I Ibr the open hole
and adici site Is .ned 11set I idhis Is tiled) speciniens. a 1", reduction iii iibsersd fatigue
,:rack proipagatiotn ries btssIccii pairs if* crack depths corresponds toi about I-,, reduction in
iei si ress innit s fictors tor boiih t pe% ot specimens. Ibis, salue of 17" is in ececllent agree-
mnii %k ith that obtained trint Ret 1) Ilo%%eser, the eflclec reduction in stress tintcnsits at
iris% Vgusen Lra~,iJ th is a resulJt ot the insertioin of an adhesisel%-buinded riset is much less
thin tthat predicted h% the uite element anal~sis. I-or esample. at a crack depth sot 0t 5 mm the
"(It restuction in cracik priopagatioun rate ssuiuld stiggest a reduction in stress intni of abot

I hdicias the. tinie elrtntni lllsis predicts a reductioni of' greater thiani5

c. irj\ tht 11itoeci er)nerIf mon dcl ti r dlei rm ing st ress in t nsi ties inet rporated a n umnber ltf

siriplirts cw .- issiptitns III %h1ki thec geunirtr% itfthe crack f'ront relattse ito those \%hich deiseloped
III.t ii~ 11it C t 'cL11 Actei d tc lihtaraictcrisnicsof'the glue ite are prob~bl 'i the most significant
I? Iue ult-wew iii there arc lessecr uncertainties in representing the situation for an unfilled
,W'If the iln ak rCLatusc basuil (tie t1.ior reasiiti tir (the discrepancies bertween actual and prc-
ttt eit stress initnsities for t he opcn-hole specimens and those incorporating adhesis ely-bondled

eT 'i t0e i dc1i ass' 'I'L Of ie Model f'tr deli ing thle properties and be has our of lie ad hesi s e
\ecthcics ths tituhings outlined in this, Report suggest that the concept of- adhesiisel%-binded
insert, is ss otth\ 11a mire detaile1d stustt

5. ( ON( I I SIO%S

II lie t1,isr .4t close-111isteusl-~id ruseis in holes can pros ide significaint umpnilse-
inits in ftit ic life ctonipa red %it t Ihat ft r spec Iinens hasitrig open hioles.

2I .,r sml ,rsiask Lsc Pthis thli rate, it tat iguie crac k protpagation fin ad hiesi s e -bsindeh rise i

spcifticiis ire' il\ itiout hall those in open-title specimens

1 Mite OClieti .1 aIS scs mnshuc thit ad hiis bo ndti ng sign i icat i reduLces hothI thle I ted I
stress triccituratiton at the tiole atid the stress intensities at the crack tips. thus retarding c:rack

inwa iit itt anrd rest us iig fat igime c rac k protpagat ion rates.

4 1 he eOlksic reutio ii n stress intensill, resulting fromt bonding labtmut 17 .1 is much less
than li14) 'i predicted h,. thle finite element analhssis. I his disecrepanc is attributed minl
to1 stitiim rings, in [tie model for defining the characteristics and behas tour of the dheisise.

IDie A thmirs isb s~it, cspress their thanks, to D~r A A Baker oh Materials lDis ision for his
ads ice ansd tiuoperaliori. anrd grtlef'ull\ acknosskldge the assistance of Corporal 6. %Vjle sif

the RAAI for hbonding the risls andi Messrs W. I . Luplion. G. W. Rcvill and A. S. Macbin of
Structuresi IDtsion for the conduct of fth fatigue testing program.
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APPENDIX I

Propert'"i of let mlefrials

I lement British St-tndard Test Material ()-A-255a lest Material
I Is 1978 (R 12014) 6J

/9 U 4 29 3 9 5 4) 4 4
0 2 t X 0 43 0 2 o 8 60

(i 4 1 2 0 76 0 4 1 2 0 91

I e0 S m a
k 0 23 ] 1) max (0 45

11 ) ) 0 74 0 5 1 2 0 96
0 ( 15 Inav not analved not analyied

r () rn.,s () ()I I max 0 04

/n 0 2 fl • 2) 0 25 ma 0 12

triti Iest .)-A-25 5a Test iat, 1 6J
Ir,,;-- r t Standard material (2014-6 511

I i6's 1'9 ,  (OR tratncrsc) (transscrw) (longitudinal)

o proot 4h6 45h 470
,trc,, 7 '. Pa

ii /*7,,,,, 441 474 4()7 466 475

trc, I \1 |Pti 1 0 MN) pi)

I 1t1,itc Itisilie 4'JMi "24 462 SIX) 509
,tress ! \f|a i If7 INN() p',it

Ih, .ioiii,,i I II 4

ii proof I X9 ) 91 92

i -ral fur," ioughne'o (A i.-

I cst materia l iest material
I RI (O,

MPa m- i s 0

l'j in ' 29 2 22 N

Ascrayc of fise tests on 19 mm thick k-ompat tension spcqimen%.
+ A\eragc of fise test% on 25 mm thick kompact tension spcMimcns.

o j



AP'PEKNDIX 2

Hole Iretmeiii

I lic i'ied ii ill Npekithetis %%cre initiall.N drilled at 3 1 mm diameter ifrom the I)aturn I alci.
miid ,uniti~runk 1 2ir . s mm diameter at tife Dl)um F cL F inal reamninp for all CXLCPI
I %pe iai id tallr spc~imcn, %%as 4 01l0 4 0f2K mm diameter, also from the FDatumn F atc

Il l I C 1 1C 1/ JI II Cn If TCi r In I ly) 4 010 4 (CS nin)

lCPTCre , 'ol L.'Ii-cpaii'n 2 ' t) 3 4

1 ITrCtrL Il "ICsrxorsrH n I "%kard D)atum I ,ILe

I I Llir res,' 't Inc1 telt lpeeinien material occur, after Asithdra,%al from the hole ofI the Cold-
CjlTWII t'' 1 f it dcefce "I toldl-spaisn is detined as the percentage differentc in diamecter

6sCl"CCti IInc andtig rcs/c ii the itilinium mianireldiamrr iiplus itice the slcie thieknes-i

I htc stif~it tICiitIetItI thfie ides1c ,miitcd of a thorough degreasing using Mlt '\1 I tlid
Kciri,. irssel- fs refvit ahtaswi'iny itk atainless steel ss ire hrush. Adiheise t pc K 1S a

1 -ji1 J1,11 iJi1lfadjJ~ urei hs\ ( IH\ %ka, thien applied to the surf ices, of the hole and the
0" c jfijI 111C 11he k 1,1 CI lf en 1.r 1 itfe siiih.iLCe Of bothi tie hole and the riser

AcrV fill il F lie ad lesie c is Ie hCr urCLd oseritight at 40(



APPENDIX 3

Fractograptic Crack G;rowth Meamirenimnts

I .wh fracture ssas examined using three independent techniques:

ita mnacrophotograph at about x 15S magnification to provide crack growth data at rela-
tisiet large .rack depth%,

(1 ii an * tpi acd treo microscope ssAiih d alluse ill umi nat ion and magn ificat ion% of x IMX. SO
and 2'1. and

(m) ia metallograpliic mitrowope s% ith polari.ied vertical illumination. using magnifications
tit x 54X) or WI

Both m~icroscopes% skere tilted "ith a cross-hair in oneC eye piece. I he specimens %crc mounted
on ant N stagze tilted ss ath photo-electrical digital micrometers, reading to 0(I Xlm. and the
crack depths, corresponding to the application% of thle 7 5 g load Acre accuratels measured by
trasersing tile specints under the microscope objecties. Whenever possible (fie trasersc tit
the fracture surface Asas perpendicular to the axis oif the hole.

Because of the substaintial osecrlapping of the region of the fracture by each independent
siliiintechnique abolut 80", of'the crack depth data %%ere duplicated. Hoi~cier. measure-

ments obtained using the mectallographic microscope "sere considered to be the moist accurate it
shiort krack depths Ix 50)it and large crack depths ( x 50). and those using the stereo microscope
thle most accurate A intermediate crack depths, Thus, the crack depth %ersus life data presented
are not a simple aserage of the measurements obtained by the different techniques hut represent
the actual measurements obtained using the technique considered to he moist accurate oiver
particular regions oft the fracture. %A hen combined together they provided a coherent set of data
cosering the entire line oif traserse.

As a check (in ttile %aliditt of the interpretation (if the individual fracture markings on each
speumenn all the data ohtaiined for at particular fracture using the three independent techniques
%%ere combined andl esamined on the basis of at relationship betsseen crack depth and incremental
crack gro~t I For intermediate and large crack depths (c g, for greater than aboiut 0) 5 mm)
t[is relationshlip ss as found to be approximael " linear On the relatiselv rar-:- occasions w hen
indisdual nmeasurements indicated sside departures from this relationship the particular data
skcrc recisscsscd lien data could not be %alidated b ' independent measurements using more
t han one tediniqueC abot 211'', oIt the dital. thle %itlidity (if indiiidual measurements in such
LaS Acre assessed hys thle indisidual relationship hvitseen crack depth and incremental crack
groi~th
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TAILI: I

,atigue teit realt%, Type ia) specimem

Hole irecatment I Specimen I f1C

No. ( R (light)

lo I)rilled 3 1 amm. filled Is 9.S42
1 S n.h ri,,, 13H 1.042

* 9 Iii. "l2o

lop a crig lif' 9.961
• ld fog life i) Of'

w) Drilled I A mm. omn 26B .(xI
hole 161 1. IS

hg i\c'r,tc lifh .
d hc'g life 1 i)24

imo) Reamed 4 mam. open hoile' 2tH S*.S4

Isl 6.142

loy .iocrapc lIfc S'929
,d lop life I (41

I%' i Reamed 4 nim. pre',d-in I -I 1.,35

5 32 ri0h rmo's 211) I3X42

14B ,. 135

hqI ,i. cra c l'C 4,496

dd hv life ( 12')

I i Reamed 4 rm..tflisi,,. 20Of 14.642

bond d;fd ' ,2 i,h r,ets I ( I .1)4(1
I 1,1 1.440

14, .! Ieripe life I 68
d lop life 1 026

I'i i I kpandtd 4 ram, open 0B .142
holes 4 B1.442

log aocrape life 8.2 12
sd. log life (1 0 6

I(%mi I \pandcd 4mm, prcscd-m i 17( i 442
5 12 itnh ri%¢ts 141 7.,42

218 SAW)

log aserage Iife 7.159
s d, log fihfc 0(071

f\in) I \panded 4mm, adhe'sic 15B 10.542
honded 5 32 inch rivctl 22B 23.542

15( 26,130

log. aicrage life I,64.1 " A log, life 0216

4.i s4

AL t
.I. ..t
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TABLE 2

Fatila teIt reuisi. Type (b)W ,mem

Hole trCatmcni Spimcn life
No. (J Iflights)

i o Reamed 4 mm. open holes IU 2.542
IZB 3.242

log. average life 2.971
%.d log. life 0 75

(it; Reamed 4 mm. open holes I N 2.742
coated %.ith adhci'e IV 2,842

log. average life 2.792
,d. log. life 00I

wilo Reamed 4ram, pressed-in 2A10 3.542
met 3,820

log. at.erage life 3.67x
d. log. life 0 (123

oS) Reamed 4 mam. adhesie. IX 5.742
bonded rm',et IZA 7.942

2B16 9,942

log. average life 7.415
sd. log. lt' 0 IIX)

, +6

(.

IL.

4~M



i
TABLE 3

(rack Propgtion Rates Dete Wm d from Fra'togpac Mess'emnew

(rack (rack propagation rate (mm, 10 flights) Reduction in rate h5

depth bonding ( ",
(miI) I open hole %pcsimcn Bonded rm~et %peimen itI B A)x 0W)J

(1/B (A) ()2B16 (B)

( 01126 OM(XO1 99 6
oi 2 II (I35 I 0() 9 76
Ii I 1( 052 0 019 63
0 4 ) 65 () 025 57
i) II ) ) 019 51

(I (N4 0 (49 4M

i) 109 f (I4) 45
1 II 125 0071 43

0 9 0 141 0 082 42
0 () I l 0.094 41

I 1) 175 0 106 39
2 I 193 0 119 38

0 211 0 131 38
14 0 229 0 144 37

o ((248 0 158 36
1 h 0 26X 0 172 36

1 ii 2sx 0 I6 35
1 x 0 4M 0 200 35
S9 t1 329 o 215 35
2 1 0 351 0 23(0 35

0 o371 0 245 34
2 2 395 0 241 34

o (I 41S 0 277 34
2 4 II 441 I 293 34

0 465 (0 310 33

,

, o

& r: 2



TABLE 4

,Maximmum prindpal strea for the mcrs-ked pecimem

Case considered Stress (M Pa)

Unfilled hole X53

Bondcd rivct (no adhesive failure) 337

Bonded rjc! ladhesivc failed in tension) 427

TABL: 5

Sire%% Inlen.it Factom K (MPs ml 2 1 for a cracked hole-crack on one de ouly

Bonded rimct
r.ak depth No hole Open hole

III No' idheC % *\dheNic failed

itlaure in Wnlon

S 9 1 12 1 25 6

11 I J1 1 2781
1 4 I IX4 13 I 29 9

09 2 Il 14 309
KI 21 4 16 0 32 1

TABL

% Ir temmit lator% K (%IPa ml ') for a cracked hole-for a crack on
both %de%

Honded rivet

r.i.k depth I)0p.'n hole
aiiml a adhcs,.c Adhestis failed

failure I in tension

i 9 I 12 2 26 4
0 9 11 3 I1 3 29 7

I 14 5 IN X 31 9
2 17 6 22 6 39 2

t,I-

'1;



Rear flange Front flange

F ifst gang

Single leg
anchor nut

(SL AN)

-- 130~

12 7 - 9

31 40

4.1
971



Countersinks e I
5.5 dia. 8-7

7 92

2532 Datum mark

-320

"Treatmnent I" specimen
15 x15 x 1thick/

packing piece/
2024 T4 aluminium

alloy -

(a) Twin SIAN rivet hole specimen

4 dia4
Datum mark

420

1** (b) Single SLAN rivet hole specimen

FIG. 2 FATIGUE TEST SPECIMENS r
(all dimensions in mm) 41
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Specimen No. GR18E
F lights 9,542

Specimen No. GR13B
Flights 10,042

Specimen No. GR19C
Flights 10,320

.3FIG 4 (i) FRACTURES TYPE (ai) SPECIMENS. DRILLED 3.3 mm, FILLED 0. 125 in. RIVETS

qI

_n! Ct~



4''

Specimen No. GR268
Flights 7,500

- /

\ /

Specimen No. GR16E
Flights 8,105

4--

FIG. 4 (ii) FRACTURES TYPE laii) SPECIMENS. DRILLED 3.3 mm, OPEN HOLES

'II

. I 7 T j,;-
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Specimen No. GR25B
Flights 5,542

Specimen No. GR188
FlIights 6,342

FIG. 4 Iiii) F RACTUR ES TYPE (aiii) SPECIMENS. REAMED4 Mm, OPEN HOLES

ILI

A.,/

I.-



Specimen No. GRU17
Flights 3,735

Specimen No. GR23B
Flights 3,842

Specimen No. GR14B
Flights 6,335

FIG. 4 00v FRACTURES TYPE faiv) SPECIMENS. REAMED 4 mm,
PRESSED-IN '/12 in. RIVETS

'I .- 77 4



Specimen No. GR20B
Flights 14.642

Specimen No. GR13C
Fliqhts 16,040

Specimen No. GR16B
Flights 16,440

FIG 4 (v) FRACTURES TYPE (av) SPECIMENS. REAMED 4min, ADHESIVE BONDED
in RIVETS



Specimen No. GR19B
Flights 7,142

I

Specimen No. GR24B
F Iqhts 9.442

FIG 4 (vi) FRACTURES TYPE (avi) SPECIMENS. COLD-EXPANDED 4 mm, OPEN HOLES

'4.- -



II

Specimen No. GR17C
Flights 5,942

Specimen No. GR14E
Flights 7,642

Specimen No. G R21 B
Fl(igh ts 8,080

FIG. 4 (voill FRACTURES TYPE (avii) SPECIMENS. COLD EXPANDED 4 mm, PRESSED-IN
4in. RIVETS

a r

t '.
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Specimen No. GR15B
Flights 10,542

Specimen No. GR228
Flights 23,542

Specimen No. GR15C
Flights 26,130

I 4I

FIG. 4 (viii) FRACTURES TYPE (avlii) SPECIMENS. COLD EXPANDED 4 mm,
ADHESIVE BONDED '/. in. RIVETS



Specimen No. GR18E
Type (ai) - 3.3 mm
drilled holes, 0.125

in. rivets

Specimen No. GR16E
Type (aii) - 3.3 mm
drilled holes, open

r4

Specimen No. GR18B
Type (aiii) - 4 mm
reamed holes, open

FIG. 5 (a) FRACTURE SURFACES TYPE (a) SPECIMENS

77 2
.- NOMA



Specimen No. G R14B

t4t

Type (aiv) - 4 mm
reamed holes, pressed

in rivets

Specimen No. GR13C
Type (av) - 4 mm

reamed holes, adhesive
bonded rivets

Specimen No. GR24B
Type (avi) - 4 mm

cold-expanded holes,
open

I#

FIG. 5 (b) FRACTURE SURFACES TYPE (a) SPECIMENS

'5" --



Specimen No. G R14E
Type (avii) -4 mm

cold expanded holes.
pressed-in rivets

Specimen No. GR22B
Type (aviii) -- 4 mm
cold expanded holes,

adhesive-bonded
rivets

FIG. 5 (c) FRACTURE SURFACES TYPE (a) SPECIMENS



• *Ill

Specimen No. GJ 1U
Flights 2,542

(I

Specimen No. GJI1ZB
Flights 3,242

Specimen No. GJ1Y
FlIigh ts 2,74 2

Specimen No. GJ IV
Flights 2,842

FIG. 6 FRACTURES TYPE 1b) SPECIMENS.
(i) Reamed 4 mm, open holes, and

Oil) Reamed 4 mm, open holes adhesive coated

-



Specimen No. GJ2A16
Flights 3,542

Specimen No. GJ1Z
FlIigh ts 3,820

FIG. 6 ill) FRACTURES TYPE (biii) SPECIMENS.
Ramsed 4 mm, premed-in rivetV

-7 7sl



SI

Specimen No. GJ 1X
Flights 5,742

Specimen No. GJZA
Flights 7,942

Specimen No. GJ2B16
Flights 8,942

/II

FIG. 6 (iv) FRACTURES TYPE (biv SPECIMENS.
Reamed 4 mm, adhesive-bonded rivet I"

-- - __ : o '-* •.'



Specimen No. GJ1ZB
Type (bi) - 4 mm
reamed hole, open

Specimen No. GJ IY
Type (bit) - 4 mm

reamed hole, adhesive
cuated, open

Specimen No. GJ2A16
Type (biii) - 4 mm

reamed hole, pressed-in
rivet

Specimen No. GJ2B16
Type (biv) -- 4 mm

reamed hole, adhesive
bonded rivet

'A' '

FIG. 7 FRACTURE SURFACES TYPE (b) SPECIMENS



4 +,1* 4'

4 Crack 'A' Crack 'B'

4

2+ +

4.

*/ 
+

4. 4

4 •.

0 - i " - ! I I

(a) Specimen GJIZB - 4 mm reamed hole, open

Crack 'A' Crack 'B'

+ +

+. +

• 4.

+

(b) Specimen GJ1Y 4 mm reamed hole, adhesive coated, open

3 +

2 Crack 'A' 4 Crack 'B'

* +

+

2 +

+ , +

(c) Specimen GJ2A16 - 4 mm reamed hole, presid in rivet

Crack 'B' Crack 'A'

3 4' /4
44'25 4'

i4

*0 . I I ; , . . : 4
200 00 6000 8000 0 2000 4000 6000 8000 10000

F lights F lights :

• (d) Specimen GJ2816 - 4 mm reamed hi(A*,, adhesive-bonded rivet,

" ! FIG, 8 (il) CRACK PROPAGATION, TYPE (b) SPECIMENS.'



U 44

+

35

Crack 'A' Crack 'B' +
+

+ +

+ 
+

4 .

.++

"1 4.

+. +

(al Specimen GJ IZ Y 4 mm reamed hole, opheniecaeoe

3 Crack 'A' Crack 'B'

E 2 5 
4.

' 5 + +

(h) Specimen GJ1Y 4 mm reamed hole, adhesive coated, open

35 CNCrack 'A ' 
Crack 'B' 4.

5 
+

54 

4.4.4. 

?.
"  

.'

0 1000 200 300 4000 01000 ?2 000 40() 0.

Flights 
F lights

, c) Specimen GJ2A16 4 mm reamed hole, presed~n rivet

FIG. 8 fi) CRACK PROPAGATION, TYPE (b) SPECIMENS

7.J - - - w - -



1 GJ1ZB Open hole non coated
2 GJ 1 Y Open hole adhesive coated
3 GJ2A16 Pres-fit rivet
4 GJ2816 Adhesively-bonded rivet

E

3 4
u

C 2000 4000 6000 w00 10000

F lights

I$

1 1{

I FIG. 9 CRACK PROPAGATION, TYPE (b) SPECIMENS

'491 - .



Stress

1 \ 2

D

Rivet Adhesive Specimen

) Detail A
ID

See Detail A

FIG. 10 (a) FINITE ELEMENT MESH FOR UNCRACKED SPECIMEN -
BONDED RIVET



3

Adlhesive

Rivet

Crack

FIG, 10(b) FIN IT E ELEMENT MESH FOR CRACKED SPECIMEN - BONDED R IV ET
(ONLY MESH IN REGION OF CRACK FOR OIUARTER SECTION SHOWN)

i% e~



40

35

Open hole

30

E

25

Adhesively-bonded rivet
, 2020 (adhesive failure)

C-'

c /x

15 -

.0 Adhesively-bonded rivet

10 (no adhesive failure)

5

0 1 2 3

Crack depth (mm)

FIG. 11 STRESS INTENSITY FACTORS FOR HOLES WITH CRACKS ON BOTH SIDES
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