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SUMMARY
Rivet holes are potential sites for fatigue crack initiation in aircraft structures. Several
methods for improving the hfe of such details were investigated including coating the
surface of the hole with udhesive, cold-expansion of the holes, the insertion of close-fit rivets
and the use of adhesivelv-bonded rivets.
Of the various techniques examined only that involving adhesively-bonded rivers

“ [} provided any significant improvements in fatigue life. It resulted in a reduction in fatigue
crach propagation rate of about 50°, compared with that for specimens incorporating
1 open holes. 3

A finite element analysis indicated that adhesive bonding significantly reduces both
the local stress concentration at the hole and the stress intensities at the crack tips, thus
retarding crack initiation and reducing fatigue crack propagation rates. However, the
effective reduction in stress intensity resulting from bonding (about 17° ) is much less than

the 50, predicted by the finite element analysis. This discrepancy is attributed mainly " 2t
to shortcomings in the model for defining the characteristics and behaviour of the adhesi}K : 1
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‘ 1. INTRODUCTION

Durning the full-scale fatigue testing of Mirage H fighter wings at the Swiss Federal Aircraft
Factors (1« W), Switzerland, fatigue cracks were discovered at the imnermost bolt holes along
the rear flanges of the mam spars. Subsequently, crack indications were confirmed at identical
locations in wings of the Royal Austrabian Air Force Mirage THO fleet (Ref. ). As a conse-
quence. several imestigations were undertahen at the Acronautical Rescarch Laboratorics (AR L)
to explore methods for increasing the fatigue hives at critical sections of the spars (Refs 1-3).

An arcat m the wing main spar of particular concern was the first bolt hole in the lower
rear flange A detarl of the sparn this region s shown n Fig. 1. The development of 4 hife-
enhancement scheme for this portion of the spar was comphicated by the presence of two through-
the-flange single-teg-anchor-nut (ST AN) rivet holes Jocated close to the bolt hole in a chordwise
direction. Although the instaliation of nterference-fit steel bushes at the bolt hole virtually
inhibited crack mmitiation at the bolt hole (Refs 1. 2) and the adoption of a modified system for
securing the STUAN obvited the need for through-the-flange rivets, 4 consequence was that the
SLAN rivet hales then became the cntical locatnions for fatigue crack imbabion,  Several alter-
natines induding reaming, cald-expanding and the insertion of close-fit rivets were tested as part
of the man Wfe-enhancement investigation for the spar. but these did not provide any significant
improvements 1o hife tor cracks which imbiated at the nvet holes,

Adhesinve bonding of close-fit rivets in the SLAN holes was then proposed as 3 method of

! improving tatigue lite Thas was based on the premise that the adhesive would result in better
P load transter through the nivet tand in so domg reduce the stress concentrating effect of the
haler and. subsequent o crack imitation, reduce the stress intensity at the crack tip (Ref. 4).
In addition. the adhesive could adt as an environmental barrier (Ref. $). or provide an interlayer
which would reduce the effects of fretting between the rivet and hole surfuce. The proposal was
inveshigated in two complementary senies of futigue tests which are covered by this report.

2. SPEOIMENS AND TESTING PROGRAM

Pagure 2 ilustrates the basic forma of the two types of fatigue specimens employed in this
mvestigation  The use of two types was necessitated by the avarlabaldy at the ime of suitable
test material Fype ) bemg made from oflcuts of BS 1 H6R " alumimum alloy extruded bar

. N - . .
N 63 Smm ox W TS5 mmon section (5eral GRY used Tor the imvestipation reported in Reference 6,
while Jape thy were taken trom offcats of 32 mm thck 20041651 alummmum alloy rolled plate
) Serid Ol covered y Reterence 3 I both cases the anas of the specimen was paraliel to the {
dircctiom of extrusion rothing of the materal  The chenmat! compostions, tensile properties and
. i
tracture toaghness of the matenials are given in Appendiny | a2
i
} 2.1 [vpe ta) specimens (total 21) }/ ¢
‘ In these specimens, the pitch between the twin holes was the same as the nominal pitch of :
‘ the two rret holes in the STAN, and the distance from the centre line of cach hole to the closest
. i ade of the specimen was that from the inner side of the 8 mm spar boit hole to the centre hine 3 E
> ot the st roet hole e X Somme A specimen thickaess of 30 mm was chosen to correspond !
, to the thickness of the spar lange at the SLAN section. .
. ]
. K
. [T
‘{ * The chemical compositions and static properties of these materials are equnalent to those of £
. the French alloy AU 4SG used 1or the manufacture of the spars. p lf
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Fight ditfferent hole treatments were vestigated.

(1) Holes dnlled 33 mm diameter, 0125 1inch diameter universal head rivets inserted
against a packing piece, with the tad of the rivet peened into the countersink. This
generally represented the ongimal condition in the RAAF Mirage 11O wings.

tiy Holes drilled 3 3 mm diameter and left empty. A condition equivalent to that of rivat
removal from the spar flange without any reworking of the nivet holes.

i) Holes reamed to 4 mm diameter and left empty.  Representing a situation 1in which
the rivet holes were smply cleaned up for inspection.

tin) Holes as 0 tn) incorporating sclected 5.32 inch (4 mm) diameter countersink-head
2117 aluminium alloy rivets pressed-in by hand to provide a neat fit. Designed to allow
some load transfer through the rivet but to enable easy rivet removai for hole inspection
duning testing 1f required.

Holes and rivets as in (1v), but with nivets permanently bonded i1n position using an
epoxy adhesive Type K 13K ¢

-

tvi) Holes cold-expanded using the Boeing spht-sleeve process (Ref. 7) to fimsh at 4 mm
diameter * Holes left empty. The cold-expanding process introduces a residual com-
pressive stress ficld adjacent to the hole which can retard fatigue crack imtiation and
growth

(vird Holes as in (vi} but incorporating close-ht rivets as in (1v)

tvin Holes and rivets as in (v but with rivets adhesively bonded as in (v).

2.2 Type (b) specimens (total 9)

In these specimens the distance from the centre line of the hole to the side of the specimen
(% 70 mm) corresponded to that in the Type (a) specimens. The specimen thickness was, however,
shightly less 1¢ 2 mm. Four hole treatments were imvestigated.

11} Holes reamed to 4 mm diameter and left empty. Equivalent to Type (am).

() Holes reamed as in (1) and left empty, but a coating of adhesive applied to the hole
surface

() Holes reamed as 1n (1) but incorporating pressed-in close-fit nivets.  Equivalent to
Type (aiv).

(v} Holes reamed as in (1) but incorporating adhesive-bonded close-fit rivets.  Equivalent
to Type (av)

3. FATIGUE TESTS

The multi-load-level fatigue testing sequence adopted for this investigation was identical
to that used for the other Mirage hfc-enhancement programs (Refs 1-3, 6). 1t consisted of a
100-flight sequence of four different flight types as indicated in Fig. 3. Cyclesof +6-5g/ -1:5g
and +7-5g 25 (a total of 39 cycles in 100 flights) were applied at a cyclic frequency of
I Hz, whereas the remaining 1950 cycles per 100 flights were at 3 Hz. Sine-wave loading was
adopted throughout. All fatiguc tests were carried out in a Tinius-Olsen servo-controlled
clectro-hydraulic fatigue machine, the 100-flight seguence 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 processes are
given in Appendix 2.
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tor Type (a) specimens fatigue loads were based on the assumption that +7-5g corre-
sponded to a gross-area stress of 235 MPa (34 100 psi) and that there was a linecar stress/g
relationshup 1.c. the | g gross-arca stress was 3 -3 MPa (4547 pa1).  This magnitude of stress
was chosen on the basis of results from a previous investigation (Ref. 6) using the same batch of
matenal so that indimidual fatigue specimens should have test durations of between about one
and two davs. Specimens with 3-3 mm diameter holes had a nominal nett area of 562 mmz,
while those with 4 mm holes a nett arca of 520 mm?. The resulting nett area stresses were 318 MPa
(46 100 pa) and 344 MPu (49 900 psi) respectively - a difference of about 8

The nett area stress chosen for the Type (b) specimens was the same as that for Type (a)
specimens incorporating 4 mm holes, i.c. 344 MPa (49 900 psi). In this case the gross area stress
was 268 MPa (3K 390 pw)

Tables | and 2 give the individual fatigue hives, log. average hives and standard deviations
of log. Ife for the vanous groups of Type (a) and Type (b) specimens. The extent of the fatigue
cracking and representative fractures for Type (a) speaimens arc lustrated in Figs 4 and 5
respectinely, while simtlar information relating to Type (b) specimens is shown in Figs 6 and 7.

4. DISCUSSION

The indisidual fatigue test series mvolving the twin hole and single hole specimens both
demonstrate the effectiveness of adhesive-bonded rivets in providing a sigmficant increase in
the Iife to falure relative to those for other hole treatments. Compared with specimens having
reamed open holes. the ratio of hives for specimens incorporating adhesive-bonded rivets in
reamed holes are 2-65 and 261 for the twin-hole and single-hole specimens respectively. On the
limited data asalable. the cold-expansion of the holes in the twin-hole specimens does not result
in a sigmbicant increase in hife compared with that of reamed open-hole specimens, but bonding
of mvets in cold-expanded holes ag:nn provides a marked increase in ife.  Furthermore, an ad-
hesnve coating on the hole surface of the single-hole specimens has not resulted i an improve-
mentan hie

For both types of specimens the hives of those incorporating pressed-in rivets were not
signthicantly ditferent to those of open-hole specimens with similar hole conditions.  On the
hasts of nett arca stresses, the 4 mm reamed open twin-hole specimens would have been expected
(Ret 6) to have an aserage hfe of about 55°, that of the 3-3mm drilled hole specimens, i.c.
4200 thights  The greater actual hfe (5929 flights) of the reamed hole specimens probably reflects
the much better hole surface finish 1n these compared with the dritied-hole specimens.

Three reasons which ¢ould be advanced for the significant improvement 1n hife associated
with the use of adhesive-bonded nivets are:

ta) the adhesive acting as a barnier to inhibit crack imtiation which might otherwise have
been aceelerated by environmental interaction;

thy the adhesnve acuing as a non-metallic interlayer, thus separating the rivets and hole
surface and reducing the potentially deleterious effects of fretting;

1) the adhesive providing improved load transfer characteristics at the section, both hefore
4and after crack imtiation.

The tests on single-hole specimens suggest that the adhesive coating, as such, does not play
a2 major part in the increased hife associated with adhesive-bonded nivets. An examination of the
fracture surfaces of specimens with filled holes (1.c. incorporating etther pressed-in or adhesive-
bonded rivets) indicated the presence of fretting at or close to the countersink-end of nearly
cvery hole, with lesser or no fretting at the other end of the holes. Of the 20 “filled-hole’ speci-
mens (15 twin-hole and five single-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.
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1t was only an the other three cises (one twin-hole cold-expanded. adhesive-honded specimen
No GR22B. and two single-hole  one each with pressed-in and adhesive-bonded rivets, GJI1Z
and GJIZA respectively) that the pnmary crack developed from close to the countersink and
freting apparently did play 4 sigmiticant part ints imtiation. Thus, as fretting was not a major
factor i crach imtiation 1n the non-adhesive-bonded specimens, the anti-fretting properties of
the adhesive interlaver are unlikely to be responsible for the benefits resulting from the use of
adhesne-bonded rivets.

An improved toad transfer at the section containing the holes would be expected to delay
the mmittation of fatigue crachs by reducing the effective stress concentration and, providing
the continuity of the adhesine was mamtamed. to reduce the fatigue crack propagation rate
because of a reduction in the stress intensity at the crack tip. In order to clucidate this matter
fractographic crack growth studies were made on several single-hole specimens (these being
chosen i preference to the twin-hole specimens because of their less comphicated crack develop-
ment and to avord problems associated with crack interactions which were apparent when two
holes were present), and o complementary finite-element analysis made of the stress distributions
around uncracked and cracked open holes and holes contaiming adhesively-bonded nivets.

One specimen from cach of the four single-hole types was selected for detanied fractographic
exammation, and the respective fracture surfaces are dlustrated in Fag. 7. [tas clear that there
are signiticant ditferences i crach deselopment in these four specimens, and although a basis
for selection was that of approvimately equal maxmum crack depths on both sides of the hole
this criterion could not be satistied in the case of the speaimen with a pressed-in nvet (Type
(hinyy The fracture surtace feature used as the reference for crack growth measurements was
that produced by the = S gload which occurs only oncein the 100-fhight sequence, during flight 42.
in every case growth data were obtained for the cracks imuating at both sides of the hole.

Detands of the fractographic technigues employed are given in Appendix 3. These included
the use of macrophotographs, an optical sterco microscope and a metallographic microscope.
Crack growth measurements were obtained at distances as close as 0-020 to 0-039 mm from the
hole surface 0 the case of speaimens with open holes and pressed-in rivets and 0125 mm n
the case of the speamens with adhesive-bonded nivets.  The incremental crack growth data
obtained using the three techmques were combined to provide the series of crack growth plots
llustrated in bag X and the curves (for the longer crack in each of the four specimens) shown
mn kg 9

Fhese curves show that the futigue crack propagation penod covers 4 much greater part
ot the lite i adhesnely-bonded nivet specimens than o the other three types of specimens.
However. as the mavimum crack depth for a given crack geometry 18 defined by the fracture
toughness of the material, no great differences in the crack growth characteristics between the
four types of speamens would have been anticipated at crack depths approaching complete
fracture. Because of the absence of definable features on the fracture surfaces of adhesive-bonded
speamens at crack depthy of less than 0-125 mm, the fractographic studies did not provide
any evidence relating to the coffects of adhesive bonding on fatigue crack imtiation i these
spevimens

T he fractographic crack growth measurements also allowed the determination of the incre-
mental crack propagation rates at the different crach depths corresponding to the apphications
of the 7 Sgload  Two speamens were selected for detailed analysis. They were the open-hole
speamen Noo GIIZB and the adhesively-bonded rivet speaimen No. GI2BL6, each of which
had reasonably ssmmetric crack growth from both sides of the hole. This allowed the crack
growth data for both sides of the holes in the individual specimens to be pooled. The crack depth
versus incremental crack growth data were plotted on hinear scales and second order polynomial
curves hitted (It should be noted howeser that there was considerable vanability in the raw
incremental growth data for crack depths of greater than about 2 mm). Caiculated crack growth
rates at selected crack depths are given in Table 3.

On the premise that (for similar crack geometnes) any given crack propagation rate repre-
sents conditions of equivalent stress intensity factors in the two types of specimens, 1t can be seen
from lable 3 that 0 5, 1 0,1 S and 2.0 mm deep cracks in adhesively-bonded nivet specimens
are cquivalent 1o those of 0 2, -6, 1:0 and | -4 mm in depth respectively in open-hole speci-
mens.  Clearly, the percentage reduction in crack propagation rate associated with the use of
bonded rivets decreases as the cracks become deeper, and would approach zero at final fracture

4
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condrions.  Using data for a similar matenal published clsewhere. (Ref. 9) it was estimated
that a reduction in fatigue crack propagation rate of 50", should represent a reduction in stress
intensity at the crack tip of about 17°,. Reductions of about 50°,, in crack propagation rate are
cvident for the open-hole specimen when comparing the rates at crack depths of 2-0 and | | mm,
and 10 and 0 Smm. and for the adhesive-bonded rivet specimen at depths of 2-2 and
1 3mm.and |- 2and 0-7 mm. Atacrack depth of 05 mm the crack growth rate in the bonded-
rivet specimen s about half that in the open hole specimen.

In order to understand the mechamisms which resulted in the increase in fatigue hifc of *he
adhesinels-bonded specimen a detailed finite clement analysis (Ref. 10) was undertaken on the
single-hole specimen containing a bonded rivet.  Initially the specimen was considered to be
uncrached and, due to symmetry. only a quarter of it was modelled. The resultant plance strain
fimte clement model consisted of 3R eight-noded 1soparametric quadnlateral elements and eight
six-noded oparametnie tnangular elements  see Fig. 10(a).  Element stiffness matrices were
computed using reduced ntegration and double precision and the solution was also performed
using double precision.

The aluminium alloyv rivet and specimen were both assumed to have a Modulus of Elasticty
of 73000 MPa and a Poison’s ratio of 032, while the adhesive was assumed to have 4 Modulus
of Elasticity of 700 MPa and a Poisson’s ratio of 0-35. The adhesinve layer was very thin and
although its thickness was not precisely known it was, for the purpose of this analysis, taken to
be 0 0127 mm_ It was assumed that the applied tensile stress corresponded to the maximum load
of 7 S gan the fatigue sequence. This resulted in a gross area ‘apphied’ stress of 265 MPa and a
nett section stress at the hole of 344 MPa.

Untortunately no imformation on the static tensile or fatigue strength of the adhesive was
avalable and so two separate analyses were undertaken where:

11 the adhesive was assumed to not vield or fail,

1y the adhesine was assumed to fail wherever the peel stress was tensile —this represented
a condiion by which at feast SO of the glue line had failed.

The results of these analyses can be found in Table 4 as can the result for the case when the hole
was unblicd  Ths shows that in cach case the adhesively-bonded rivet has dramatically reduced
the stresses around the hole and thus a significant increase in the life to crack imtiation could be
cvpected

Attention s now directed to the situation when the hole 1s cracked.  Cracks of vanous
discrete depths, up to o mavmum of 2 S mm, were considered for the followmg cases:

1) s through crack on one side of the hole only {half the structure modelled).

tn) through cracks of equal depth, on each side of the hole (a quarter of the structure
maodelled)

The imte element model for these problems consisted of approximately 74 eight-noded sopara-
metne quadnlateral clements and 32 six-noded ssoparametric triangular clements for case (1)
and 36 and 24 sapectively for case (1) see Fig. 10(h). As before. reduced integration was used
and the solution was performed 1n double precision.  The results of this analysis are given 1n
Tables S and 6. Also given are the values of the stress intensity factor for the case when the hole
is unfilled and for the case when there is a crack but no rivet hole. The results for the double-
sided crack case are shown plotted n kg, 11,

There are a number of important points indicated by this analysis

t1 A bonded mvet wignificantly reduces the stress intensity factor, even after a sigmticant
proportion of the adhesive has fasled.  Thus the use of adhesive-bonded nvets would be
evpected to result in reduced fatigue-crack propagation rates.

(i) The values of stress intensity factors for the case of a crack on one side and for the case
of a crack of the same depth on both sides of the hole are almost identical.
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tun As the crack depth imcreases a crack at a bonded rivet hole behaves as if the specimen
does not contam a hole. In the present case this asymptotic behaviour is effectively
reached at o crack depth of approximately 2 Smm. This s particularly important
sinee it allows simple, and vet accurate, analvticsl estimates to he obtaimned for stress
intensty factors of crached holes which are to be repaired by a bonded insert

tnvr Inthe case of o crack on bath sides of the hole the vatue of the stress intensaty factor
tor o Y 0mm crack at g bonded rvet hole (with adhesive failed i tensiony s approxi-
mately the same as tor a O S mm crack at an untilled nivet hole.

W bl this summars of the imte element analyvsis has concentrated on bonded rivets with a
particular adhesive thickness: the more detaited investigation presented in Ref 10 covers the
eflects of varable adhesive thickness and the use of a bonded sleeve in larger fastener bolts

A comparion of the results of the finde clement analvses for cracked specimens and the
data vbtamed from the fractographic analyvss indicates that the fimite element analysis success-
fully predicts the obsersed trends Referning to the datan Table Y and Fig 11 for the open hole
and adhesivelv-bonded ovet cadhesive taled) speamens, o SO reduction in observed fatigue
crack propagation rates between pairs of crack depths corresponds to about 177 reduction 1in

the stress intensity factors for both types of speamens. Thas value of 17° s in excellent agree-
ment with that obtamed trom Ref 9 Howeser, the effectuve reduction in stress intensity at
any ginven crack depth as g resuit of the insertion of an adhesively-bonded rivet 1s much less
than that predicted by the nmite element analysis. For example. at a crack depth of 0-S mm the
SO reduction in crack propagation rate would suggest a reduction i stress intensity of about
t- wheteas the iimite clement analvsis predicts a reduction of greater than 507

Clearhy the e clement model for determpnng stress intenssties incorporated a number of
s phityvimg assumptions ot which the geometry of the crack front relative to those which developed
mactual taticue speamens and the charactenistics of the glue line are probably the most significant
{t one assumes that there are fewer uncertainties 10 representing the situation for an untilled
nofe. then ton e relative basist the major reason for the discrepancies between actual and pre-
dicted stress intensities for the open-hote specimens and those incorporating adhesively-bonded
taets on the adequacy of the model for detinmg the properties and behaviour of the adhesive
Neverthetess the indings outhined m this Report suggest that the concept of adhesively-bonded
inserts s worthy of o more detaled study

L CONCLUSIONS

I The ansertion of ddose-fit adhesnel-bonded rivets in holes can provide sigmiticant improse-
ments in fatigue hife compared with that tor speaimens having open holes.

-

2 bor small crack depths the rates of tatigue crack propagaton in adhesinely-bonded rivet
specimens are only about hall those in open-hole specimens

Vobimite clement analyses indicate that adhesive bonding sigmiticantly reduces both the iocal
stress concentration at the hole and the stress mtensities at the crack ups, thus retarding crack
initation and reducmg fatigue crack propagation rates

4 Fhe effective reduction in stress intensity resulting trom bonding (about 177 ) 1 much less
than the 07 predicted by the hnite element analysis. This diserepancy s attnibuted mainly
to shortcomings m the model for detinng the charactenstios and behaviour of the adhesive.
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APPENDIX 1
Properties of Test Materials
(v Chepircal compostion (7))
Flement " Bntish Standard Test Material QO-A-255: : Test Matenal
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\Mn 0412 0 76 0412 . 0-91
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oY usSoY ' 074 OS2 0 R6
I 0 1S max. not analyzed . not analyzed
Cr O may 0 01l O 1 max } 0 04
/n 0 29 mav <020 0 25 man i 012
i ;
thy Statec tensile properties
British Test ! QO-A-25% . Test wat 1 Gl
Propern Standard matenal (2014-T681) C
1ien 197s OR (transverse) P (transverse) ‘(lnngnudmul)
‘ l |
0L proot 466 | 45% i 470
aress (MPay ‘ i I
02 proot 440 474 07 ! 466 ! 475
stress 1M Pay (59 (U0} P |
U itimate wensile 44t 24 462 i SO6 ; S09
stress (MPa (67 000 par) "
tlorgattion © ) ° Il 4 X S ‘ 9 1
0L proot 0 A (9] 092




APPENDIX 2

Hole Treatments

The holes m all speamens were mitially dolled at 3 3 mm diameter (from the Datum b acer.
and countersunk 120008 Smm odiameter at the Datum Face  Final reaming tor all caweept
Type cartand cany specimens was 4 0104 02% mm diameter. also from the Datum | ace

t Bocoe plin oo cold-oxpansion
Starting hole sive Y 683708 mm
Finshed hole sze catter reamingy 4 (HO 4 028 mm
Degree of cold-expanaen 27103y

[hrection of expansion Toward Datum Face

tELastc recovery of the test speamen materil occurs after withdrawal from the hole of the cold-
axpansien tool - The degree of cold-expansion s deined as the percentage difference in diameter
hetween the startimg hale sizes and the mavimum mandrel drameter plus twice the sleeve thickness)

Bt hondiny

Fhe surface treatment ot the holes conasted of a thorough degreasing using Methyi Ethyl
KNetone fodiowed by ight abrasion usimg o stunless steel wire brush. Adhesive tvpe K138 o
Beespart epoxs manutactured by CIBA was then apphied 1o the surfaces of the hole and the
ectoand the reet worked nte the hole toensure that the surfaces of both the hole and the rivet
were tulis coated The adbesive was then cured overmight at 30 €
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APPENDIX 3

Fractographic Crack Growth Measurements

Fach fracture was examined using three independent techniques:

1 a macrophotograph at about x 1S magnification to provide crack growth data at rela-

tively Large crack depths.

() an optical stereo microscope with diffuse sllumimation and magnifications of x 1X). 50
and 25 and

an a metallographic microscope with polarized vertical illumination, using magmitications
of x SO0 or .

Both microscopes were fitted with a cross-hair in one eye prece. The specimens were mounted
on an N Y stage fitted with photo-¢lectrical digital micrometers reading to 0 001 mm, and the
vrtack depths corresponding to the applications of the 7-5 g load were accurately measured by
trasersing the speamens under the microscope objectives. Whenever possible the traverse of
the fracture surface was perpendicular to the axs of the hole.

Because of the substantial overlapping of the region of the fracture by cach independent
vsuahzation technigue about %07 of the crack depth data were duphicated. However, measure-
mients obtained using the metaliographic microscope were considered to be the most accurate at
short crack depths ¢ SO and large crack depths ( x 50), and those using the stereo microscope
the most gecarate at intermediate crack depths. Thus the crack depth sersus hife data presented
are not a saimple average of the measurements obtamed by the different techniques but represent
the actual measurements obtained using the technique considered to be most accurate over
particular regions of the fracture. When combined together they provided a coherent set of data
covering the entire hne of traverse.

As a check on the validity of the interpretation of the individual fracture markings on each
speamen all the data obtiined for a particular fracture using the three independent techniques
were combined and exammed on the basis of a refationship between crack depth and incremental
crack growth  For imtermediate and Jarge crack depths (¢ g for greater than about 0-5 mm)
this relationship was found to be approamately hacar. On the relatively rars occasions when
individuial measurements indicated wide departures from this relationship the particular data
were reassessed  When data could not be vahidated by independent measurements using more
than one techmque tabout 207 of the data), the vahdity of individual measurements i such
vases were assessed by the individuid refationship between crack depth and incremental crack
growth
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TABLE 1

Fatigue test results, Type (a) specimens

Hole treatment | Speaimen |
. No.GR
)y Drlled 3 3 mm, filied | 1K1
1 Ranch rnivets | [R1}}
| toe
|

log. average hfe
sd. dog hfe

) Dnlled 3 3 mm. open 268
holes 16t

lop average hite
sd dog e

(1) Reamed 4 mm, open holes 258
INB

log average hie
sd log hte

() Reamed 4 mm. pressed-in 1°B
S 32 nch rivets 28
148

log average hife

s ]n)_‘ It

(v Reamed 4 mm, adhesive- OB
bonded € 32 mch rmvets (R4
168

loy average hite

sd log hie
vy Fapanded 4 mm. open 198
holes 248

log. average Ife
s log. hfe

\ !

v Fapanded 4mm, pressed-in | 17¢ i
S 32anch ety | 141

L.

| H

log. average hfe
sd. log. hife

(vin) bxpanded 4 mm, adhesinve 158
bonded S 32 inch rivets 28
15C

log. average hie
s.d. log. hie

Lt
(tthghty)

9,542
10,042
16,320

9963
0017

7800
N 0s

=y

0024

S.54?2
6342

S99
0 O

3738
1842
6,338

4,4‘)(\
0129

14.642
16,040
16,440

I5.68%
0026

7042
9.442

8212

0 Ox6

§942
7.642
8.0%0

7159
0-071

10,542
23,542
26,130

1K,64%
0-216

t

“.
‘.
-le

-




TABLE 2
Fatigue test resuits, Type (b) specimens

Hole treatment Specimen Life
i No. () {flights)

(1) Reamed 4 mm. open holes U 2,542
178 ‘ a2

| !
log. average hfe 2871

sd log. hfe 0078
; |
() Reamed 4 mm. open holes | 1Y 2,742
coated with adhesne | v 2,842
1

log. average hfe 2,792

s.d. log. hfe 0-011

]
am) Reamed 4 mm. pressedan 1 2AH06 1.542
rivet | 1z | 3,820

¢

log. average hfe  3.67R

s.d. log. hife 0023

v) Reamed 4 mm. adhesives | X | 5.742
honded et | 1A i 7.942
I X942

i
log. average hfe 7418
sd. log. bfe 0 100

-

*
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b

.
TABLE 3}
Crack Propagation Rates Determined from Fractographic Measurements
Crack | Crack propagation rate (mm; 100 flights) Reduction n rate by
depth | e — e bonding (")
tmm) } Open hole specimen | Bondced rivet specimen [(1 B A)x100]
. GIIZB (A) ! GJ2Bl6 (B)
' [ TS R

o : U 026 I 0-0001 9.6

o2 003 i 0-009 76

03 0 082 X 0-019 63

04 0 065 5 0 028 ! 57

0 s 0 O8O : 0039 ! 51

06 0 (94 0049 '1 a5

T 0109 0 060 ‘ 45

0w 0128 0-071 | 43

] 0141 0082 } 42

(1 0 15K | 0-094 | 4]

11 0178 0 106 9

12 0193 0119 k1]

(R 0 211 0131 i ki

1 4 0 229 0 144 37

[ 0 24K 0 IsK 36

16 0 26% 0172 36

1 - 0 28X ! 0 146 Khi

1N 0 3 0200 1s

19 0329 0218 35

20 0 1§} 02w is

2 037 0 2458 34

22 U 39S 0 261 4

23 0 41K 0277 34

24 0 441 0 293 ‘ M

N 0 368 0 30 ‘ 33

¥ |

.
H



TABLE 4
Maximum principal stress for the ancracked specimen
Case considered Stress (MPa)
Untilled hole 853
Bonded nivet (no adhesive failure) 337
|
Bonded mivet tadhesive failed in tension) l 427
TABLE S
Stress Intensity Factors K (MPa m' 2} for & cracked hole—crack on one side only
Bonded rivet ! :
Crack Jepth [ No hole ‘ Open hole
tmm) Novadhesive | Adhesive farled |
falure ) n tension
|
u s 91 { 121 256
[ o3 H 1S 0 ' 278
b 141 } X 4 i ‘ 99
T <9 20010 ‘ 14 K ; 309
ARE im0 i 214 ‘ 16 0 kN
|

-

-~

e

AR

g 8

TABLE 6
Stress Intemsity Factors K (MPam'! ©) for a cracked hole—for a crack on
both sides
¢
Bonded nivet ’
Crack Jdepth Open hole
fmm) No adhesinve | Adhestve Tailed
farlure | n tension |
: r
| H
" 91 | 122 ; 2 4
0y 13 i 153 ' 297
] i
IS 145 | I % ‘ LAY .
A i76 226 | 92 :
1 236 I
\ .
i’i- 1
S




!
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Countersinks -
' 5.5 dia.

Datum mark ]

i
o _J
o

s

s - ]
. r
[N
]
i
[N ]
i
)
“Treatment 1" specimen
15 x 15 x 1 thick
packing piece
’ 2024 T4 aluminium
- alloy
N . (a) Twin SLAN rivet hole specimen
i
w - - 4 diam.
) \
‘. T \ \ /__J_ % Datum mark
; 0 D N 2 S—
[ [l yay ~!
3
] 50 P
‘ 1
) : r% 260 —— - - e ]
] -4 l
> !
' ¥ 1
28 H '
[]
j * ll
(b) Single SLAN rivet hole specimen
.
- FIG.2 FATIGUE TEST SPECIMENS
4 (all dimensions in mm)
[t
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T"J*‘ﬂr ]
. i
Specimen No. GR18E
Flights 8,542 < :
p—LTV

Specimen No. GR13B
Flights 10,042

Specimen No. GR19C
Flights 10,320

p—— - -

FIG 4 (i) FRACTURES TYPE (ai) SPECIMENS. ORILLED 3.3 mm, FILLED 0.125 in. RIVETS
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Specimen No. GR268B
Flights 7,500

Specimen No. GR16E
Flights 8,105

4 —

+ - —

FIG. 4 (ii) FRACTURES TYPE (eii) SPECIMENS. DRILLED 3.3 mm, OPEN HOLES
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|
I’ 1
Specimen No. GR258B : l
Flights 5,542 ! |
! |
i
. }
i 1
Specimen No. GR188B ' I
Flights 6,342
j ‘

FIG. 4 (iii) FRACTURES TYPE (aiii) SPECIMENS. REAMED 4 mm, OPEN HOLES
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Specimen No. GR178 ‘
Flights 3,735 ’
|

|
i |
q |
‘ |
|
{ |
f "
J i
}
Specimen No. GR238B i ‘
Fiights 3,842 ! |
I
| |
| |
| !
| |
i .
i |
|
T

Specimen No. GR14B
Flights 6,335

“ T iy

FIG. 4 (iv) FRACTURES TYPE (aiv) SPECIMENS. REAMED 4 mm,
PRESSED-IN ¥,, in. RIVETS
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FIG 4

e —— 44

Specimen No. GR208 ‘
Flights 14,642 : >

Specimen No. GR13C i
Flights 16,040 !

]

f

|

Specimen No. GR168B
Flights 16,440

g

{v) FRACTURES TYPE (av) SPECIMENS. REAMED 4 min, ADHESIVE BONDED
“/\, n RIVETS




FIG 4

Specimen No. GR198
Flights 7,142

Specimen No. GR24B
Flights 9,442

{v1) FRACTURES TYPE {avi) SPECIMENS. COLD-EXPANDED 4 mm, OPEN HOLES

—_ 4




Specimen No. GR17C
Flights 5,942

Specimen No. GR14E
Flights 7,642

Specimen No. GR218B
Flights 8,080

F1G. 4 (vii) FRACTURES TYPE (avii) SPECIMENS. COLD EXPANDED 4 mm, PRESSED-IN

’/n in. RIVETS
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—_—,— — .
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Specimen No. GR15B
Flights 10,542

Specimen No. GR228
Flhights 23,542

1 {
! ] i
q ! '
Specimen No. GR15C : ‘
Flights 26,130 ‘
‘ (
i
i
1
|
]
i
| | 3
:
FIG. 4 (vii) FRACTURES TYPE (aviii) SPECIMENS. COLD EXPANDED 4 mm, E
ADHESIVE BONDED '/,, in. RIVETS e 1e
o
4 ~
e
- e — : 1
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Specimen No. GR18E
Type (ai) — 3.3 mm
drilled holes, 0.125

in, rivets

- ————— A - I A— A >

i
i
|

Specimen No. GR16E
Type {aii}) — 3.3 mm
drilied holes, open

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

FI1G. 5 (al FRACTURE SURFACES TYPE (a) SPECIMENS




Specimen No. GR148
Type (aiv) - 4 mm
reamed holes, pressed
in rivets

Specimen No. GR13C
Type {av) - 4 mm
reamed holes, adhesive:
bonded rivets

Specimen No. GR248B
Type (avi) — 4 mm
cold-expanded holes,
open

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




Specimen No. GR14E
Type (avii} - 4 mm
cold expanded haoles,
pressed-in rivets

Specimen No. GR228B
Type {aviii) - 4 mm
cold-expanded holes,
adhesive-bonded
rivets

FIG. 5 (c) FRACTURE SURFACES TYPE (a) SPECIMENS
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Specimen No. GJ1U
Flights 2,542

L.
-

()
Specimen No. GJ1ZB
Flights 3,242
Specimen No. GJ1Y
Flights 2,742
1 ( i)
Specimen No. GJ1V
Flights 2,842 7
é‘}
.
4
3

FIG.6 FRACTURES TYPE (b} SPECIMENS.

(i) Reamed 4 mm, open holes, and

{ii) Resmed 4 mm, open holes adhesive coated

2%
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Specimen No. GJ2A16
Flights 3,642

Specimen No. GJ12Z
Flights 3,820

FIG. 68 (iii) FRACTURES TYPE (biii) SPECIMENS.
Reamed 4 mm, pressed-in rivet
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Specimen No. GJ1X
Flights 5,742

Specimen No. GJ1ZA
Flights 7,942

PN

Specimen No. GJ2B16
Flights 8,942

¢
|
{
i 3
i i
'! FIG. 6 (iv) FRACTURES TYPE (biv) SPECIMENS. o
Reamed 4 mm, adhesive-bonded rivet z
{

’

L
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Specimen No. GJ1Z8B
Type (bi) - 4 mm
reamed hole, open

Specimen No. GJ1Y
Type (bn) - 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
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‘ 35 Crack ‘A’ Crack ‘B’
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&
5 g /
0 et - + et ——t
{a) Specimen GJ1ZB - 4 mm reamed hole, open
38 r
] Crack ‘B’
‘Ar rac
- ¢ . Crack ‘A i +
: 1 + I .
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&
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f {b) Specimen GJ1Y — 4 mm reamed hole, adhesive coated, open
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~ 3 l 1 +
=
S oy Crack ‘A’ ! . Crack ‘B’
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- l +
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LN J * 4 :
3 r b
2 N
S J ‘ &
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{c) Specimen GJ2A16 — 4 mm reamed hole, pressed in rivet
“ l
3% 1 +
ack ‘B’ ’
3 <r Cr . Crack ‘A + 7
+
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. . N
. 2 1 + :
* +
! 15 9 &
T :’ F
! 1
5 4
0 T e S ettt} )
0 2000 4000 6000 8000 0 2000 4000 6000 8000 10000
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(d) Specimen GJ2816 — 4 mm reamed h«. !, adhesive-bonded rivet

FIG. 8 (i} CRACK PROPAGATION, TYPE (b) SPECIMENS




Crack depth (mm)

<

+
)

+
| Crack ‘A’ Crack ‘B’ +

+
* .
+
1 .
L +
+
++’
4

1 4«0’*‘*‘
e oy

|
b Crack ‘A’ Crack ‘B°
2 +
L +
4 *
+

s +

+"’
b +*
-—-4——4-—4—-1#::::’-—‘-0——1—4—-0—4-—*—-*—-0-—0—4

(b) Specimen GJ1Y 4 mm reamed hole, adhesive coated, open
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{c) Specimen GJ2A16 ~ 4 mm reamed hole, pressed-in rivet
FIG. 8 (i) CRACK PROPAGATION, TYPE (b) SPECIMENS
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Crack depth imm)

1 GJ1ZB Open hole non coated

2 Gy Open hole adhesive coated
3 GJ2A16 Press-fit rivet

4 GJ2B16 Adhesively-bonded rivet

Flights

FIG.9 CRACK PROPAGATION, TYPE (b) SPECIMENS
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b Rivet Adhesive Specimen
Detail A
o
[ ]
-]
f
See Detail A

FIG. 10 (a) FINITE ELEMENT MESH FOR UNCRACKED SPECIMEN -
BONDED RIVET
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FIG. 10 (b) FINITE ELEMENT MESH FOR CRACKED SPECIMEN — BONDED RIVET
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FIG. 11 STRESS INTENSITY FACTORS FOR HOLES WITH CRACKS ON BOTH SIDES
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16 Abstract e
Rivet holes are potential sites for fatigue crack imiiation in aircraft structures. Several methods

tor improving the life of such detath were investigated inchading coating the surface of the hole
with adhesive, cold-¢ xpansion of the holes, the insertion of close-it rivets and the use of adhesively-
honded rivets

Of the various techmiques examined only that involving adhesively-bonded rivets provided
uny sigmpcant improvemenmts in fatigue life. 1 resulted in a reduction in fatigue crack propagation
rate of about 50" compared with that for specimens incorporating open holes.

4 e element analysis indicated that adhesive bonding significantly reduces both the local
stress concentration at the hole and the stress imtensities at the crack tips, thus retarding crack
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16 Abstract (Contd)

i7 tmprint
Acronautical Rescarch Laboratories, Melbourne

tmiation and reducing fatigue crack propagation rates. However, the effective reduction in
stressantensity resulting from bonding (about 17°.) is much less than the $0°, predicted by the
fte clement analvsis. This discrepancy is attributed mainly 10 shoricomings in the model for
detimmy the characteristics and behaviour of the adhesive.

18 Document Serses and Nu;l;e: | 19 Cost Code

Structures Report 3199 257050

’ 20 T-;pc of R:;;; and Period Covorcd_

21 Computer Programs Used

227 Enabhshmon( File i;l(l)







