THE UNIVERSITY OF MANITOBA

 THE ‘EFFECT OF - INTERFERENCE - FIT,ON. THE DIMPLED LOADED-HOLE

- FATIGUE STRENGTH.OF . 2024-T3 ALUMINUM ALLOY

.By

Andrew P. Kuc

A Thesis '
Subm1tted to the Faculty of Graduate Studies
In Partial Fulfillment of .the Requirements for the Degree of .
Master of Science

w1nnipeg,vMahftoba
1976




= Tthe” Umvemty of M.m:toba in ertml fulflllment of t

“THE EFFECT OF INTERFERENCE FIT ON THE DIMPLED LOADED-HOLE
FATIGUE STRENGTH OF 2024-T3 ALUMINUM ALLOY"

by
ANDREW P. KUC

A dissertation submxtted to the chulty of Graduate Studxes of B

“of the degn.e of

MASTER OF SCIENCE

© 1976

Permission has becen granted to the LIBRARY OF THE UNIVER- -
‘SITY OF MANITOBA to lend or sell copies of this dissertation, to

the NATIONAL LIBRARY OF CANADA to lllicfot'ilm this: |
dissertation and to lend or sell copies of the film, and UNIVLRSITY :
MICROFILMS to publish an abstract of this dissertation. - ’

The author reserves other publication rights, and neither the
fdtssert.ntlon nor: extcnsm. extracts trom it may be: prmted_or other-

wise reproduc.ed wnthout lhc .mthur § wnttm permissior




A A AR A A LR

- "ABSTRACT -

~ The effect of interference fit on the fatigue strength of Toaded

‘holes is well knoﬁn. Recently, a newftechnique has been deVe]oped'for ,
incfeasing this_strengih in thin sheét materia].‘ Briefly, the technique
‘consists of dimp]ihg the materia]vcentéring-about the region where the
hole is:tO»be.made thus introducing tensile plastic strain. The dimple 4
1s'then.f1attened énd the hole drilled leaving the region arqund‘the hole
. under residua] compressive stress.

Experiménts were carried out to obtain the cbmbined effect of
interference and dfmp]ing in 1oaded-ho1e fatigue applicafions;

In zero+to—tehsion fatique tests on nqmina]]y 0.063 in. thick
2024-T3 a]uminuh alloy specimens, optimum tapered-pin 1nterferénce and
dimpling combined gave a fatigue strength-impfove@ent factor of 4.0 while
“the dimpling technique incréased the fatigue strength by a factor of 2.85

6

all at 10 cycles to failure.
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NOMENCLATURE

- applied pin load

nominal pin and hole diameter
width of lug |
heéd héight df Tug on loaded side of hole

thickness of Tug

‘ inftial difference between mating pin and ho]e:diémeters

mean stress
alternating stress
net stress

minimum stress

maximum stress
‘nominal applied stress over the minimum net section
- cycles to failure:

- fatigue strength,reduction factor

theoretical stress concentration factor

ix. .

a material constant representing the ha]fvlength of a fictitious

"building block” or "equivalent grain" of the_material

ho]e radius

initial interference hole -boundary hoop stress

aTternating pin_]oad

~mean pin Toad

nominal alternating stress over the minimum net section




CHAPTER 1

INTRODUCTION

1.1 Introduction

Since the introduction of machinery, mechanicaivelements, subjected
to f]uctuating 1oads,_have been'a victim of a mode_ot,fadlure characterized
as fatigue. Failure is abrupt and may . occur in both a ductile and'a brittie

‘meta1 and at stresses substant1a11y below the yield po1nt of the mater1a]
Small wonder that 1nvest1gators have spent over a century in attempt1ng to
understand the nature of and f1nd the remedy to fatigue.

E Meta]]urg1ca1 research conducted on the miCroscopic Tevel has lead
to the acceptance of .two fallure mechanisms based on the popular D1s]oca-
Jt1on Theory They are the nuc]eat1on of m1crocracks through the process -
of s]1p and the propagation of microcracks by the rupturing of atom1c bonds
at the crack t1ps through the act1on of applied tensile stresses normal to
the crack plane. Numerous fatigue tests, on the other hand, have provided
a storehouse of data on the macr05copic fatigue properties of particular
'materials._‘Surface finish, type of ioadtng, nature of load f]uctuation,
grain size and orientation, size of part, and atmospheric-environment are
‘but a few of the many variables found to affectvthese properties. Yet,
'desp1te the vast amount. of know]edge and emp1r1ca1 data available, the
jcomp]ex1ty of fatigue has perm1tted mechanical des1gners to on]y crude]y :
: approx1mate the fat1gue strengths or serv1ce 11ves of even s1mp1e

: components.




In fatigue, damage begins in the portions of the material which
cannot support the applied stresses experienced therein. Fatigue is

» therefbre a 1oca1ﬁzedfphen0menon.. Consequently, microcracks tend to form

~at points of stress concentration. On the microscopic level, these may

" be represented by grain boundaries,'voids or other discords in atOmic

:A_matrix On the macroscop1c 1eve1 ho]es f111ets, grooves, threads, seams,

- keyways or any one of a number of d1scont1nu1t1es required by des1gn in

';,the shape of a part are a]most 1nvar1ab1y the origins. Once m1crocracks: o

have reduced'a loaded cross section suff1c1ent1y, the rematning'undamaged‘_'
material in the'section may suffer a brittTe fracture. |

| '; At one time, if a part‘fai]ed in fatigue it was simpiy rep]aced
by é_]arger, stronger one. If-this proved 1nconvenient, the design‘was f
, a]tered In eng1neer1ng, and part1cu1ar1y where size and we1ght are |
vcruc1a1 factors, it is des1rab1e for a mach1ne element to d1sp1ay a high
‘fat1gue and/or stat1c strength to weight ratio. To accomplish the former
in the presence of stress concentrat1ons, benef1c1a1 res1dua1 compress1ve
' stresses are generally induced in the er1t1ca11y stressed material about

the concentrations. Applied 1dads are-then more evenly distribnted'over

the cross sections.in question, Teading to higher joint efficiencies.
The improVement of fatigue strengths or the extension of service
lives is still the continuing concern of much research. One is constantly

striving to provide sounder guarantees on the performance.of components

especia11ijhen humén lives may be involved. This thesis-highlights a

particular sample of»such'research.




The present exper1menta1 investigation proposes and. examines the
‘effectiveness of a new method for increasing the fatigue strength of -

loaded-hole connections in sheet material. The method enta1ls'comb1n1ng i

“two previous1y'estab1ﬁshed teChniques, dﬁmp]ing and interference. Dimpling -

- induces beneficial residual compressive stresses around concentrat1ons and

1nterference operates to reduce harmful stress f]uctuat1ons over the

icr1t1ca1 cross sect1on_of the 1oaded sheet material.




CHAPTER 2

REVIEW OF LITERATURE ON FATIGUE
 STRENGTHENING OF LOADED HOLES

2.1 Introduction.

A major concern of mechanical designers is the harmful effect of

stress concentrators on the fatigue life of components. Both an.inter-

- ference fit and the new technidue termed dimpling have individua]]y been

_proven successfu] 1n 1mprov1ng the. fatigue strength of loaded hqles by

' ~reduc1ng the effect of the stress concentrator A representative survey

of published research 1nv01v1ng the use of 1nterference f1ts and dimpling -

,:'f0110ws

2.2 The Interference;Fit Method

_ Interference will be def1ned throughout the ent1re thes1s as:
:{d(p1n) - d(ho]e)}/d(hole)
An 1nterference fit, created by the insertion of an oversized: p1n, :

into- a given size ho]e has been stud1ed by stress ana]ysts and fatigue:

researchers alike.
'Jessop,'Sne11‘andtHo1ister (1) performed a photoeTastic'investi-

gation on the variation of the hoop tensile stresses,and'the_shear stresses

- ina p]ate_around.a ho1e‘b0undary with ptn-load for the cases of a push
: fit and interference fits betweeh the pin and the plate. With 1nterferehce,_ 

all the mean stresses were. enhanced, but the majority of the a]ternating
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stresses were considerably reduced. Figure 2.1 illustrates the approximate

‘distribution of hoop stress around the hole boundary as:found by the above

jnvestigators for the case of a steel.pin'in an atuminum aT]oyllug.. The

maximum hoop tensile stress occurred on the minimum‘transverse’section

for both a}pusn-fit pin and for the  two degrees of interference. In addi-
- .

~tion, at a maXimum pin load of 32 x 10° LB./IN.2, the resultant max imum

_hoop tensile stress was reduced by approx1mate1y 20 and 34 percent with -

1nterferences of 0.003 and 0. 006 inch per “inch .holeé d1ameter respect1ve1y.

The maximum shear stress on the hor1zonta1 diameter versus p1n 1oad is
shown in Figure 2.2. The 1nterference reduced the rate of increase of

b stress at low loads, but gave the normal rate for higher loads, as would

be obtained for the push fit case. F1gure 2.3 presents the distribution - §
;vof shear stress found around the hole boundary. The maximum shear stress |
 for the push-fit case occurred about 30° from'the horizontal diameter on-
the loaded side of the hole but this maximum was disp]aced towards the
"hor1zonta1 d1ameter as the 1nterference was increased.

Ligenza (2) also employed photoe]ast1c1ty to study the variation,

with load, of the max1mum hoop tensi]e.stress,on the hole boundary of the

horizontal diameter in a pin—]oaded, semicircu]ar-ended 1ugdfor various
',amounts of interference furnished by interference-fit 11ners The varia-
»t1on .found for an 1nterference fit bore a resemb]ance to the one found

by Jessop, Snell and Ho11ster. That is, the applied Toad changed the
‘maximum hoop tensile stress onTy‘slight1y at Tower load 1eveis and at a -

| slight rate of increase at intermediate loads, until, atta4critica1'1eue1, -
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the stress became proportional to Toad, as shown in Figure 2.4. Based
upon the measurements of the variation of maximum hoop tensile stress

with Toad -at various levels of interference and for several lug configu-

| tationS, Ligenza showed that interfehence'fits,could be used to combat
fatigue within pin-]oaded Tugs by reducing cyclic- stress levels at the
critical reg1ons and that an optimum 1eve1 of 1nterference ex1sts w1th
. each app11ed Toad for each 1ug -Tiner configuration.

Lambert and Bra11ey (3), with the use of photoe]ast1c1ty, dis-

covered that with an initial interference fit between pin and plate, the
increase 1n_max1mum shear stress for a-giVen increase in load increased
. with increasing Toad but that the stress-Toad relationship showed a |
distinct discontihuity. The 1oad~at-which this disconfinuity occurred
: was_dependent'upon‘both the initial interfehenee and the coefficient of
friction between the hin and the plate. A high coefficient of friction
coupTed with an inftia1'interference fit effectuaiiyvreduced the shear
stress concentration factor. | |

In an early work on the effect of an 1nterference f1t on fatigue

‘11fe, F1sher and Winkworth (4) showed that 11tt1e improvement in fat1gue

11fe was obta1ned with straight-shank fasteners for 1nterferences within
shop tolerances. Later, (5), they discovered that for Jnterferences
‘exceeding 0.0043 inch per inch of diameter, an increase from about 300,000

cycles for a small clearance to-nbn-fai]ure in 10,000,000 cycles was

. usually obtained in B.S. L65 A1-Cu alloy Tugs of the 'square-ended type

subjected to fluctuating nomina]'tensi1e stresses on the minimum section
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. Stress Versus Applied Pin Load. Photoelastic Analysis (2)
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-of 13.4 + 4 ksi. This improvement was also obtained for e mild steel
Vbush-pin combination when the interference exceeded 0.0032 inch per inch.
-Schijve; Broek and Jacobs (6) also. found that an interference
of 0.4 percent of hole diameterfwas required tO'ShOw.d definite fatigue-
life improvement in aiuminUm,aiioy Tugs. | | )
Fisher and Yoemans (7) studied the effect of interference at:
three mean stress 1eveis for Tugs in the Al-Cu a]ioy B.S. L65 and the
' Al-Zn-Mg alloy DTD 363. The results, entered in Table 2.1, show that a

gconsiderab]e improvement in fatigue strength was achieved}by increasing

the interference from 0. 001 to 0. 0043 inch per inch, the greatest increases

being obtained when the mean stress was 11.2 ksi. »

Conducting zero-to- tension fatigue tests, Hartman and Jacobs (8)
‘examined the effect of interference and clearance, with Tife, on the
. fatigue'strength_of 24S-T Ai—Cn_aiioy lugs. The S-N curres found are

i dispiayed in Figures 2.5 and 2.6. The maximum interference values

ﬂ_ of 0.004 and 0.0067 inch per 1nch tested provided fatigue strength
fvimprovement factors of 2.2 and 2. 0 in comparison to clearance at 106
| cyc]es to failure for the larger and smalier hole d1ameter-to—w1dth of
1ng ratios respectively. Further, in each case, the beneficia]‘effect
of interference continua]iy decreased as the life decreased.

From performing direct‘stress, tension-tension fatigue tests on
square- -ended 1ugs made from the aluminum- -copper alloy B.S. L65 Low (9).

observed that the fatigue strength progre551ve1y increased w1th increase

in interference, up to an upper Timit represented approx1mate1y by the




" TABLE 2.1

A1ternat1ng Stresses (+ ksi) in Aluminum Alloy Lugs

12.

Failing in- 106 Cyc]es, Show1ng the Effect of Interference

at Var1ous Mean Stresses(7)

Al-Cu alloy B.S. L65

Al-Zn-Mg alloy DTD 363~

R?W‘ ‘Infefferenee "with mean stress‘(ksi) with mean stress (ksi) .
(ineh/inch)_ O of | C of :
| o |11.2 |16.8 11.2 16.8
A 0.001 9.4 | 3.15 | 2.5 3.5 2.9
B _.0;0043 +13.3 | 7.6 | 3.4 72 | 48
| Ratio B7a | vl 24 | 13| 21 1.65
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Figure 2.6 Effect of Interference on Fat1gue Strength of A]um1num

Lugs (8). Al1 Cond1t1ons as in Figure 2.5 except
~d = 0.236 inch




14.

high interference of 0.007 inch per inch with which the load-carrying

capacity'for a service life of 106 cycles was increased by'about 300 per-
cent. In add1t1on, w1th reference to F1gure 2.7, the author suggested
that the best. 1nterference may vary with the des1gn Tife (or 1oad1ng) of
the joint.

Smith (10) also arrived at the conclusion that one and only one
amount of interference is optimum for a given 1oad1ng of a component
rZero to tens1on fatigue tests on the effect of pressed in ‘bushings of
‘hardened steel on the fat1gue 1ife of‘sem1c1rcu1ar—ended"1ugs of 7075-T6:
a1uminum alloy indicated an optimum'interference of 0.006 jnch‘per'inch
of ho]e.diameter for which a fatigue 1ife.of over a million cycles was.
achieved as compared to 34,500 cyc1es'with'no interference and for the
same 1oad1ng' The'average fatigue 1ires with interference vo1ues of 0.004
'and 0.008 1nch per inch were s1gn1f1cant1y greater than the average obta1ned
W1th no 1nterference but were less than the average ach1eved us1ng an
--1nterference of 0. 006 1nch per- 1nch Smith (11) added further‘support to
the concept of an optimum interference for a given loading of a component
by developing the ‘1ife versus interference curve in Figured2.8.for
smaT]'O.lO-inch—thick 1ugsiof 7075-T6 aluminum alloy tested at approxi—.

- mately 6.0 j_S.O ksi gross area stress and using taper pins .to provide
known amounts of interference. . '

VMittenbergs and Beo11 (12) showed that with increasing interfer-
ence, the fatigue strength of'SAE‘434O steel, pinnloaded Tugs subjected

to a combined 1oad1ng consisting of a steady tension component and'and
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. alternating reversed cantilever-type bending moment was continua]]y ,
improved. Pin interferences of 0.0005, 0.002, and 0.003 inch.per inch

of diameter were tested. Compared to a pin interference of 0.0005 inch

ber inch, an interference of 0.002 inch per inch increased the moment-. -
‘carrying capacity by.about 90 percent and that of 0.003 inch per dinch by :
about 150 percent.--Ali-feilures originated at the pinhole interfeCes' |
Fretting was present in the-1ocations'of failure origins. ‘The fretted

areas, however, generai]y decreased with increasing pin interference

U51ng sma]i -pinned connections made from FV 520B a]]oy stee]
White (13) found that, in pulsating tension tests, the fatigue strength
increased‘iinearlvaith interference for the range of pin-interference |
tested. Atla maximum pin interferencevot 0.004 inch per inch an improve-
ment in strength; eXpressed as a ratio of the strength of the joint with
that employing an exact-fit pin, of 2.0 was acquired'at a‘lifefof'106
~ cycles. The‘ekact-fitvspecimens failed on the horizontaiicenter—iine
where fretting occurred and the stress was the highest In specimens'

~ with 1nterference fit pins, both fretting and cracking were dispiaced from

the horizontal center Tine in the direction of the unloaded 51de of the

‘ho1e, the displacement 1ncrea51ng with 1ncrea51ng interference.

2.3 The Dimpling Method

'Recent]y, Shewchuk and Roberts (14) have shown in zero-to-tension-
.fat1gue tests that conSiderabie 1mprovement in the fatigue strength of -

~ loaded ho]es in sheet material is p0351b1e as a. resu]t of dimpling,
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7technique of inducing residual compressive stresses in a plate material
around a hole prior to loading. A fatigue strength improvement factor

6'cyc]es to failure was obtained based on the median |

- of nearly 3,0 for_lO
1ives of nominai]y'0.050-inch-thick 2024-T3 a1c1ad'a1uminum alloy speci-
mens. . | o | ' |
| "Ehp1oying the dimpling process, Shewchuk (15) later discovered
that a fatigue strength reduction factor of 2.2 for an un1oadéd hole in
nomina]]y'0.0SO—iﬁch-thick-2024-T3’aTc]ad aluminum alloy: specimens was
reduced by épproximate]y.36”percehflat 106¢yc1e3‘to failure in zero-to-.

tension fatigue tests.

2.4 Closure

- The end effects.of interference fits and dimp]ing on the fatigue
strength of loaded holes have Beeh presented. . Table 2.2 summarizes the
fatigue stfength or Tife improvements found by the afdresaid fnvestigators.
foferencés.in 1oading,'design»and materia1 of sbeéimens aﬁong'the investi-
gations, however, make a.d1rect comparison of results ihpoSSib]e. In
addition, techniques for fatigﬁe strength improvement generally increase. .
in effectiveneSs.with fncreasiné life. Thus the stréngtﬁ improvement
factors for (12) and (13) wou]d be ‘less than 2.5 and 2.0 respective]y

6

at 10° cycles to failure. }In-the next chapter, the ruling mechanism(s)

of each teChnfque will be discussed. -
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TABLE 2.2

Strength or Life Improvement Factors Established with .

the Interference and Dimpling Techniques .

Strength improvement Life

Technique.‘ Investﬁgator vv _ factor at =~ - | improvement
- - ’ given Tife - factor
InterferenCe‘.Fisher & WinKWOrth (5) ] 3 ] : .33.3
Fisher & Yeomans (7) 1.35 - 2.4 at 10° -
Hartman & Jaéobé (8) - {2.0 —-2.2Vat_1(‘)6
Low (9) ' - 2.0 at 10°
smith (10) - B 31.6
sﬁith'(11)_ » o 28.0
'Mitfenbefgs &iBea11.(12) ;255.at 107
White.(ls) - 2.0 at 10%

Dimpling: | Shewchuk & Roberts (14) |  2.92 at 10°

| Shewchuk (15) | 1.64 at 10°
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CHAPTER 3
' THE DIMPLING-INTERFERENCE METHOD

3.1 -Introduction .

The fatigue life of a given component is goVerned essentia]Ty by

“the mean and a]ternat1ng stresses that it experiences under the act1on of

| app11ed loads, and by the nature of frett1ng which occurs. For metals,

mean and alternating stresses have a more adverse effect on the 11fe as
each is intensified. Damage 1nduced by frett1ng'1s dependent:upon both
‘the normal pressure and the relative s1ipaat'points»of contact between
components,d By appropriately'contr011ingeone or more‘of these factors,

~an enhanced fatigue 1ife should result.

3.2 The Dimp]fng'Mechanism

D1mp11ng is a recent techn1que of . 1ntroduc1ng residual compres51ve
stresses in a p]ate mater1a1 around a hole prior to 1oad1ng Br1ef1y,~
the technique, as 111ustrated in F1gure3 1, consists of d1mp11ng the
. material center1ng about the reg1on where the ho]e is to be made, thus
1ntroduc1ng tens11e plastic strain. The dimple is then flattened and the.
| hole dr111ed 1eav1ng the reg1on around the hole under res1dua1 compress1ve
stresses Employing the X-ray diffraction technique, Shewchuk and o
Roberts (14) found the stress distributions of Figure3;2 to be associated
-with the optimum indentoredie‘combination;l.Note the fatr]& broad peaks

tor the hoop stresses‘except very near to the hole boundary where it is .
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thought that the residual compressive stresses may approach the y1e1d
point of the material. Figure 3.3 demonstrates schemat1ca]1y the super-
position of the tensile hoop stresses of a maximUmv1oad-ontO'the residual
hoop stresses produced by dimpling. The net stresses inv(c) result.
Notice that in the cr1t1ca1 reg1on near the hole boundary, the h1gh
res1dua1 compressive stresses have s1gn1f1cant1y reduced the load stresses
while 1n the 1ower stressed region away from. the hole boundary the low |
load stresses.have.not 1ncreased the high residual tens1]e‘stresses to
' any Qreét extent. The end effect is a 1ower1ng of the mean stressesrinv
the - cr1t1ca1]y stressed region accompanied by an improvement in the

fat1gue strength of the component

3.3 . The Interference Mechanism

-An.interterence fit, produced by insertion of an oversized pin
d1nto a given size ho]e of a plate, 1ncreases the mean hoop stresses, but

' significantly lowers the a]ternat1ng stresses in the p]ate so that a
preferable stress state is produced. Interference fits also reduce the h
‘amoont of relative movement or slip hetween‘points of contact at the ho1e:
vboundary ond thus act as a-deterrent to fretting fatigue. The reduction

- of the a1ternating stresses in the critically stressed regions of a simple

pinijoint or Tug was explained by Heywood (16) with the aid of Figure 3.4.

With no Toad at the pin, an 1nterference-fit pin produceSjtensile hoop
stresses (represented by the curVe) and a_radia]'compressire stress'fietd

- in the lug material about the hole. When an external pin'load is,app]ied,
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~ {a) No Loadyat Pin » ~ (b) Pin Loaded

"~ Figure 3.4 Intefference.Mechanism




T ,usua11y results. Stresses w1th1n the elastic limit are cons1dered

© same Toad stresses will be app11ed to each spec1men for the purpose of
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the radial compressive stresses on the unloaded side of the hole are
reduced as shown at (b), with'only a little increase in the stresses on
the side in the direction of loading. In effect, the radial compressive
'fstreSSes on the unloaded side of the hole (forcing ‘the pinﬁin'the direc-
tion of loading) have been replaced with an equivalent pin load while
therefore insighificant]y‘a1tering-the stresses in the critical minimum

section. The schematic hoop stress versus pin 1oad curve of F1gure 2. 4

3.4 The Dimp]ing—Interferenoe Mechanism

By comb1n1ng an_interference fit with d1mp11ng, either both the
stress range and maximum hoop stress or both the a]ternat1ng and mean
hoop stresses w1th1n the plate material in the cr1t1ca1-reg1on about the ]
hole should be reduced, subsequently y1e1d1ng a greater fat1gue life than
“either method a]one could produce. Emp10y1ng the Goodman -type . fat1gue-
\strength diagram of Figure 3.5 constructed from unnotched data for,2024-T3
'afolad aTuminum alloy sheet given in (15), the four specimens'in.Figure 3.6

are compared using superposition of stresses. Failure is assumed to begin

at the hole boundary of the minimum'net section. . It is recognized that
the fatigue strength reduction factor does not remain constant over the

entire range of fatigue Tife. However, as a matter of convenience, the

postdatlng-amechan1sm. It is a]so assumed here that the p]ate material

will not experience any fluctuation in hoop stress at any point in the
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minimum section until the Toad hoop stress exceeds the initial interfer-

ence hoop stress at that point due to the interference mechanism Minimum
) Mand maximum hoop-stresses exper1enced at the ho1e boundary of the m1n1mum
net sect1on are 11sted for each specimen. ,Accord1ng to Figure 3.5, the
dimpled spec1men with 1nterference would endure the highest number of h

. 1oad applications. Looking at the'last assumption, it also becomes Obvious
'that the 1nterference wh1ch is ab]e to create hoop stresses most near]y |
_approx1mat1ng the applied Toad maximum hoop stresses especially in the
critical reg1on about the ho]e would represent the optimum: 1nterference
‘s1nce the least severe static-load condition would then be approached
’}thereby reduc1ng or e11m1nat1ng the poss1b111ty of a fa11ure initiating

at the point 1in quest10n

3.5 Closure

Cons1der1ng the benef1c1a1 effects of 1nterference ‘and d1mp11ng

on the fatigue strength of pin-loaded holes, and the relative 1ndependence '

- of the two mechan1sms, it was postulated that further fat1gue strengthen—

ing is possible by combining d1mp11ng=w1th 1nterference.,
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 CHAPTER 4
EXPERIMENTAL STUDY

4.1- Introduction

An experimental program was carried out to evaluate the combined

effect of an 1nterference fit. and dimpling on the loaded hole fatigue

strehgth of thin aluminum sheet. Specimen material, type of loading, and-
close dimensional similitude were maintained in one-td-One-correspondence.

. with the work done by Shewchuk and Roberts (14).

4.2 Test Program

The investigation was designed to present the following informa-

tion for a pih-]oaded specimen of given material and configuration_but in

varying preparation or condition:

(1) An S-N curve fdr.plain specimens - utilizing exact-fit pins

(2) An S-N curve for dimp}edvspecimens utilizing exact.fit pins:.‘

- (3) The optimum ihterference, based on Fatigue»tests,‘for dimpled

| SpécimenS'at ééch stress level equal tb and/or above those in (2)

(4) An S—N-cﬁrve»for dimpled specimens utilizing the optimum interference.
fits dictated by (3).‘ |

Frpm.these curves, the performance expressed in terms of fatigue strength -

- of each specimen condition relative to the others could be ascertained.
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4.3 Test Details

4.3.1 Material and Specimens

The specimens were prepared from commerciallyjavai1ab1e_2024-T3 '
alclad aluminum alloy sheet. Table 4;1.1ists the nomfnaf chemdca] com-
’.position‘and mechahica]-properties-of the material. The'mechahfca]
’propert1es as determ1ned from 1aboratory tens11e tests, are a]so entered o

in Table 4.1. Interference and exact f1ts were provided by ground, 4140

. a]]oy—stee] tapered p1ns w1th a Rockwell C hardness between 42 and 46
1 The taper was 0.0208 inch per 1nch |
- The spec1men d1mens1ons and or1entat1on with regard to the r0111ng -

: d1rect1on are shown 1n F1gure 4.1.

4.3.2 Specimen'Preparation

B]ank,spec1mens were first rough cut to the appropr1ate 1ength
from the sheet using a shear press. These were subsequently_m11]ed from
one edge to the requ1red transverse‘dimension. -

The dimpling procedure, in the order in which it was performed,

is shown in Figures 4.2 to 4.4. fThe combination of dimp]ing parameters
in F1gure 4 2 correspond to the opt1mum found by Shewchuk and Roberts (14).
The- operat1ons in F1gures 4.3 and 4. 4 were emp]oyed to successfully f]atten

the d1mp1e C]earances of 0. 017 and 0.014 inch ex1sted between the spec1-

men and the 1oad1ng fork pr1or to and after dimpling respect1ve1y
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TABLE 4.1

Nominal Chemical and Mechanical Properties |

of 2024-T3 Alclad Aluminum Alloy Sheet (17)..

Nominal Chemical Properties

Cu - 4.5%
Mg - 1.5%
Mn . ' - 0.6%

- Nominal Mechanical Properties

U]timate.Tensile Strength ’ 65,000 psi.
'Yie1d:5frength _ | ‘ 45,000 psi.
~Hardness B - E 90-100
“Fatigue Limjtv(un¢1ad) 5 R _ 20,000 psi.:

@ 500 x 10% cycles
- R.R. Moore Rotating Bending
Modulus of Elasticity 10.6 x 10° psi.

:‘Mechanical Properties as Determined -

From Laboratory Tensile Tests

Ultimate Tensile Strength 64,300/65,600 psi.

Yield Strength R : : v
(0.2% offset strain ‘ , 42,100/42,500 psi.

Elongation in 1 inch, % = 19/19

Modulus of Elasticity © 10.5 x 108/10.7 x 10° psi.
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F - Load F ,
—0.667" Diameter
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Hole preparation was performed in two étages. First, an under-'
sized hole was drilled using a center drill, centered initfa11y by a
" specimen hole accurately Tocated with the same center drill on'atmilling
maohine. The existing hole was thenvreamed to the‘proper stze with a
~ tapered reamer; the proper size being supplied by the appropriate advance-
ment of the reamer from contact with the top surface of the specimen to

the vert1ca] depth indicated by a dial on the drill press, accurate :

'to + 1/32 1nch and determ1ned on the basis of the reamer d1mens1ons

spec1f1ed by the manufacturer. The taper was agaTn 0.0208 inch per 1nch;
~ The genera1‘set-up is displayed in Figure 4.5. Further, any burr remain-

ing on the hole after reaming was gently removed with 600A grit paper.’e

4.3.3 Interference Technique

- The degree of 1nterference was governed by the appropr1ate amount
of forced re]at1ve displacement of the tapered p1n through the spec1men
3Zho1e as suggested,In Figure 4.6. The'tapered holes in the 1oad1ng fork
were reamed to afford a loose fit between the pin and the 1oad1ng'fork ‘

up to a maximum interference of 9 percent in the specimen.

4.3.4 Test Procedure

In keeping with the test program, three'types of specimen condition

‘were tested - plain, dimpled, and dimpled with'interference.o Interference

~ levels ‘for the dimpled speeimens were appropriately varied to establish

the optimum interference for the majority of the given nominal applied



Figure 4.5 Hole Preparatidn - Reaming

. 36.
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streés levels. In addition, severa1'pre11mﬁnary tests were perfbfmed on

plain specimens with Tntérferénce‘in ofder to substantiate the interfer-

ence technique. Tﬁe specimens were all cycled in zefq-to-tension fatigue
| tests at 100 Hz in an Ams]er4Vibrophore.;,Each specimen was cycled con-

tinuously until fracture.  Figure 4.7 shows the loading arrangement.

4.4 Test Results |

The results of the interference optimization testing and thé»

associated S-N curves are presented in Figurés 4.8 and 4.9‘re$pecitve1y,
Téb]e'4i2 Tists “the resu]ts of the.fafigue tests performed on plain
specimens with and without pin interference. S

Unnotched data for 2024 T3 alclad a]um1num a]]oy sheet (15)‘and
the dimpled specimen curve from Shewchuk and Roberts (14) are a]so'inc1uded

in Figure 4.9 for later analysis and comparison purpbses.
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Figure 4.7 ‘Loading Arrangement
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TABLE 4.2

Results of Fatigue Tests on Plain Specimens

With and Without Pin Ihterference

Stress Interference| - »' c 1.' ¢ F';l " -
(ksi) | (inch/inch) - veles to ratiure.
6 0.000 - | 1,265,000/1,307,000/1,000,000/920,000
8 0.000 ~ | 355,000/400,000/395,000/425.000
©0.006 | 751,000/1,820,000/450,000/1,463,000
10 0.000 | 189,000/200,000/262,000/230,000
12 10.000 140,000/ 138,000/ 215,000/ 167,000
| 0.004 | 218,000/190,000
10.005 | 249,000/220,000/200,000
14 ©0.0000 | 90,000/98,000/135,000
0.004 121,500
10.005 132,000/133,000 -
0.006 123,000
16 0.000 67,000/68,000/92, 000
©0.004 | 86,000
0.005 106,000
0.006 | 116.000/97,500/107, 500/113, 000
©0.007 84,500
0.008 102,500/ 106,500/ 97,500
0.010 210,000/83,500
~ 0.014 420,000
0.018 | 885,000
0.024 1,715,000
18 0.000 61,000/55,000/58,000
» 0.004 . | 67,000
0.006 88,500
0.048 3, 900 000 (No Fa11ure)
20 0.000 | 24,000/28,000/40,000
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CHAPTER 5

ANALYSIS OF RESULTS

. factor of 2.85 at 10

5.1 Introduction

A discussion of the test results presented in the previous chapter"
will now be conducted under- the following headings:
| (1) Dimpling
(2) Interferénce‘TeéﬁniqUe
(3) Interference Optimization
(4) Dimp]ihg with Optimuh Interference
(5)>-Ihterference versus Crack Location

(6) Prediction of Fatigue Strength and Life.

©5.2 Dimpling

According to Figufe 4.9, dimpling creates a strength improvementA
't 106 cycles to failure. The sthehgthéning’effect is due
to;the'abi1ity.df the éompreSsive_stresses, set up by thé'dimpling process
abdut the.10aded'ho1e,>t0-coﬂnteract'any appiied.tensile_stresseé therein
~and thereby Eeduce the-magnitudes of the net and mean stresses. The |
.strengthénin§ effect of dimpling, Howevef; becomes pngressively 1ower.as
the fatigue life decreases.  _ |

. Iﬁ}the‘present dimpling procéss, a differeﬁt f]attening.procedure-
was employgd'fn 1jeu.of-the one used by Shewchuk’and Roberts (14). Follow- '

ing the latter method gave rise to'longitudinal bowing in the specimen
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- test section containing the treated materia1. A comparison of the present

dimpled- specimen curve to that of the above investigators, however, shows |

the two curves to be in close agreement.

5.3 Interference Technique

To .obtain a h1gh range 1n levels of interference, tapered pins
were used in the present exper1menta1 1nvest1gat1on 1n preference to
chamfered pins of the-type'used-by (9) and (10)._ It is postulated that
.danage induced in the:pTate materia1 surroundfng the hole by the gradua1 ”
fforcedtentry oanrtuiTy'tapered pin-is sha]]er'as compared - to that created»
'.by pressing‘through a3p1ain drilled hole, a proper size pin having an ,

:initia1 entry chamfer. 'Pinho1e damage. produced hy thekiatter was reported R
" by Smith (10) for an 1nterference Tevel as low as 0. 006 inch per 1nch

| when an 1nsuff1c1ent entry 1ength at a 10° chamfer was used -In the

f“ present case, extrus1on of p]ate mater1a1 from the hole in the form of a

- sTight r1dge was not not1ceab1e unt11 an 1nterference of approx1mate1y 4
~ percent of - ho]e-d1ameter In add1t1on, with tapered p1ns, the recurr1ngv
need to match the proper s1ze pin to a hole of known measured diameter
to give the desired 1nterference was eliminated. »Further, for the-taper
‘and plate th1ckness used “the d1fference between the degrees of 1nter-

ference at both ends of the spec1men hole was neg]1g1b]e
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Seme insight into the performance of the technique may be obtained

. from a compar1son of the present results of tests performed on plain speci-

mens with 1nterference to those of Hartman and Jacobs (8), Low (9), and
- Smith (10).. Before a comparison can be made, however, differences in -
materia1;'1ug geomefhy,~and fnterférence‘]eve]s must somehow Be accounted
“for. In an attempt te'aCComplish this, the following approach‘is adopted

here in which two dimensionless stress ratios are employed. These are:

S Ko X Sy

Max _ K X Snow
CSINT . ST
and
SNy
where  S,.. = maximum Toad hoop stress at the hole bouhdafy of the

MAX
' minimum net section
‘er = fatigue strength feduction factor::,'
SNOM = nominal applied stress over fhe minimumﬂnet.section
‘ SINf = Tnitial.ihterferehce hoop_stress af the hole boundary
| of'fhe‘minimum net section o
Sy = yie1d_stress ef the given material.

The first ratio gives an indication of the degree of 10ading‘for the given

" interference. The second gives.an indication of the degree of interference.-




6.

‘Maximum load and initial interferencehhoop stresses are computed as elastic
streSSes regardleSS‘of-whether or not the actual yield point of the material

is exceeded. Good agreement between 1nvest1gat1ons is cons1dered to exist

when, for identical correspond1ng stress rat1os, the spec1mens of each

‘fa11 at the same Tife. What is involved, therefore, is to establish the

| g1ven life for the present 1nvest1gat1on from the stress rat1os of th
_others at the same life. A comparison is then made with the ava11ab1
present exper1menta1 results at the Tife in quest1on

Fat1gue strength reduct1on factors, Kf, are ca]cu]ated from

Neuber's equat1on for holes

Kt -1

Ke = 1+ Ty - -  (5.1)

1 +(a/r 3
where |

.Kt = theoretical stress concentration factdr

a = empirica1 constant representing the half Tlength of a
fictitious "building block" or "equivalent grain" of
the material, inches |

‘and

i

r . radius of the ho]e, inches.

Theoret1ca1 stress concentrat1on factors for the various dimensional

comb1nat1ons of the specimens are estab11shed from the curves in Figure 5 1

extracted from Heywood (16). Values for the emp1r1ca1 constant are

: obtainedffrom the curves 1n.F1gure 5.2 reported 1anuv1na1] (18).

: equiva]ent levels of 1nterference‘and corresponding app]iedvstreSSes'at a

e

e

The
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calculated fatigue strength reduction factors for the present and afore-
said investigations are given‘in Table 5.1 along with the specimen dimen-

sions and theoretical stress concentration factors.

gnitial interference hoop strésses at_the hoie'boundary are
tabulated from the Lame thick cy]inder‘theory as applied to Shrink fité.
Lambert (19); emp]oying‘photoe]agticity, has shown that for ratios of
- hole diameter to b]ate width (d/D) of Tess than 0.6, the Lamé theory - -

xsensibTy predicts the.pfincipal stresses on the hole boundary due to an

“interference-fit pin in a rectangular plate of finite width. The initial-
- interference hoop stresses at the hole boundary for the four invéstigatibns
are given in Table 5.2 for the levels of interference tested;-

The results of the analysis for 106

cycles to failure are entered -
inﬂTab1e 5.3. - Present experimental fatigue strengths agree to within 18.5.
fpercent‘of the required values for equiVaTent or nearly eqdiva]ehﬁ IeVéls

'.of interference. of someAnqte.also is the‘p1osé agreement between'Low,

- and Hartman and Jacobs via the present experiménta].1nvestigatidn,

5.4 Interference Optimization

Refekring to Figure 4.8, each stress ]eve]-appeaks.td have an
- optimum interference. That is, an interference fit at which the Toaded
hole can sustain the highest number of load applications for‘the‘given.

loading. :Be1ow the optimum, the fatigue 1ife of the component increases

 'with increasing interference. Above the optimum, the'compdnent‘suffers
an initia]'dec1ine in fatigue 1ife from the maximum before the latter
.appareht1y stabilizes at a Tevel which still repreéents a substantial

improvement.




Calculated K Values for Loaded-Hole Specimens

TABLE 5.1

50.

Specimen Dimensions

3.75

Invéstigation _ 'Kt Kf,

: - -d(in.) | D(in.) | H(in.) v ‘
Preseht_InVestigafion 0.1976 1.26 | 0.945 .6.35 4.53
Low (9) '1.000 | 2.25 |1.500 | 2.70 - | 2.49
Hartman & Jacobs (8) .| 0.236 | 1.18 |0.787 | 5.50 4.07

| 0.304 | 1.18 |o0.787 | 3.50 | 2.84
Smith (10) - 1.250 l1.875 | 3.50 | 3.15°




" TABLE. 5.2

5l'

~ Interference Hole Boundary Hoop Stresses for Loaded-Hole Specimens

Interference;

Hole Boundary

(1/4 in. bushing)

Investigation Material S ,
_ e y . . Hoop Stress
: inch/inch (ksi.)
Present : ‘ ‘
Investigation 2024-T3 43 . 0.005 34.6
| : - 0.006 41.5
0.010 69.2
0.014 96.9
£ 0.018 124.6
0.024 166.1
Low (9) B.S. L65 | 58 0.002 29.6 -
- 0.004 59.1
0.007 103.4
0.010 147.8
'.Hartman &
Jacobs (8) 24S-T 50 0.0025 17.5
| 0.0067 46.8
24S-T 50 0.0040 - 29.0
Smith (10) 7075-T6 | 75 0.006 25.3
1 (1/8 in. bushing) :
0.006° 35.2
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Interference levels considerably higher than preVious]y investi-
~ gated were used to provide the improvements in strength These were
vrequ1red to prevent ho]e e]ongat1on in the specimens under the 1n1t1a1
load - app11cat1ons that would reduce to some extent-orventireTy the'amount

of plate material under radial compress1on at zero 1oad on the unloaded

s1de of the ho]e To prevent hole e]ongat1ons at h1gher Toad 1eve1s, more _

1nterference is required. Fa11ure to do so, wou]d result in less than
opt1mum strengthen1ng w1th decrease 1n 11fe This is a]so demonstrated '

_;by the constant_11fe curves of Low (9) in F1gure 2.7.

5.5 Dimpling With Optimum Interfereneev

« From F1gure 4. 9 optimum. tapered- p1n 1nterference 1ncreases the
d1mp1ed 1oaded hoTe fat1gue strength by approx1mate1y 40 percent at 106
eyc]es to fa11ure and. re]at1ve to the p1a1n specimen at th1s Tife, it

represents a-fat1gue strength 1mprovement factor of 4. O W1th the

v ...add1t1on of the ‘unloading effect’ of an 1nterference f1t f]uctuat1ons

: in stresses exper1enced by the plate mater1a1 are reduced. - In add1t1on,;‘:

"shear stresses set up at the hole boundary by an 1nterference fit reduCe-
the amount of re]at1ve mot1on between the pin and the p]ate and thus act
as a deterrent to frett1ng as well as poss1b1y prevent to some extent the
opening up, under Ioad, of hole boundary microcracks. Thevstrengthening

- effect with respect to the p1a1n specimen, aga1n, decreases w1th decrease‘

Tin ]1fe
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6

The fatigue strength reduction factors at 10~ cycles to faiiure

are found to be
Plain o 4.76
Dimpled L7

~ Dimpled, Optimum Interference 1.18.

~ Thus it is seen that the combined technique provides a most significant

‘fatigue”strength improvement.

5.6 -Interference versus CracktLocation

The effect of interferencehon crack 1ocationiin failed, dimpled
F,specimens for three.stress Tevels is illustrated in Figure 5.3. Zero-
interference specimens appear to fail either on or slightly ahead:ef:the
hdrizontalvcentre—iine where fretting,oEcurs and maximum.stress»range andi
possib]y ma*imum stress are highest. ‘Both fretting and cracking. continu-
aiiy'shift toward the unloaded side ei-the hole with increasing interfer-

ence until the 1nterference essentially nullifies the stress concentrating

- effect of the ho]e by reduCing the alternating stresses as well as the

degree of fretting, but leads to fai]ure of the spec1men within or ‘across
the dimple diameter behind the hole where the»cdmbination of mean and-

alternating stresses must produce a more unfavorable stress state.

5.7 Prediction of Fatique Strength'and Life

The fatigue strength of dimpled loaded holes will now be eStimeted |

~ for the cases of a push-fit and an interference-fit pin. The method

emp]oyed by Shewchuk and Roberts (14) is selected in favor of‘other:
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Figure 5.3 Interference Versus Crack deation
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1approaches stnce it has been shown to reasonably predict the dimpTed
loaded-hole fatigue strength for the former case. Additions arerincluded'
in the method when considering an 1nterference.fit;‘ In eachfcase;.failure
is assumed to occur at the minimum net section. Predicted values and

experimental results are compared.

(a) Dimpled; Pushtht Pin

~The method employed by (14) is demonstrated graph1ca1]y in
‘F1gure 5.4. ,One begins by constructing a Goodman 1Tne for.the deslred |
1ife, line AB,,on.sa;Sm ooordinates. In order to work with'nominal'applied

~streSSes’in’the presence of a stress concentration, a new line DE is drawn

, para11e1 to 11ne AB but shifted according to ‘the assoc1ated fat1gue strength '

: reduct1on factor as shown in the F1gure A res1dua1 stress 1mmed1ate1y .
‘adJacent to the stress concentrat1on is then: treated as an externa]ly app11ed
nominal stress causing a shift DF in the origin on the mean stress ax1s
equa] to ‘the amount of the residual stress. This approach might seem
warranted for'dfmp]ing due tohthe broad<residua1 stressvprofile produced.
’,in:the.plate material.near the hole boundary In'other uords 'fai1ure |
does not necessar11y need to be based on the stresses. at the hoTe. boundary

~ for the case.of a broad residual stress profile about the hole. A Tine of
slope correspondjng to the ratio of Sa/Sm ts drawn next 1ntersect1ng ED

at G. The point G ar H on the S, axis defines the'permissibte'nominal
'aTternating stress for the Toading ratio or conﬁition Pa/Pm for‘thevlite

in question.v Note that for a Ioaded hole with a push-fit pin; the appiied

stress ratio Sa/Sm is identical to the load ratio P./P.
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‘Stress, Sa

Unnotched Failure Line

Notched Failure
—Line for Strength
~Reduction Factor, K¢

m
. o |
Yo .
o Alternating -

Mean Stress, Sy

‘Figure 5.4 Graphica}'Method of Fatigue Strength Prediction




58,

Employing the Goodman lines in Figure 3.5'andzthe experimentally
determined fatigue strength reduction factors in Figure 5.5, the 'notched'
- Goodman Tines in Figure 5.6 are drawn with one consideration. 'The'static'
strength of a notched component is equivalent to the ultimate tensile -
strength of the materia1 Therefore instead of perm1tt1ng the notched'

| Goodman 11nes from intersecting the mean stress axis at a value be]ow the

latter strength the alternating stresses were reduced exponent1a11y from

the 1ine MN according to the relat10n

S, = eSS 4 7 ks | | - (5.2)
~ where -

. C and Z are constants for the particu]ar 'notched" Goodman line
such_that'all,the'lines intersected the mean stress axis at the ultimate
" tensile strength of the material. The résu]ts of Fisher and YeOmans.(7)
plotted in Figure 5.%hadd support to this. ‘Sejecting the measured residnal
‘stress of -26.5 ksi. (14) to be the effecttve residua1 stress in the'fn
region of the ho]e, the method y1e]ds a d1mp1ed 1oaded ho]e fat1gue strength

of approximately 9.25 + 9.25 ksi. at 106 cycles to fa11ure as compared

to 9.05 i_9.05 ksi. exper1menta1]y

(b) Dimpled; Interference-Fit Pin

Two add1t1ons to the previous method are now 1ntroduced for the

case of an 1nterference fit p1n Firstly, an 1n1t1a1 1nterference fit is
considered to create a sh1ft along the mean stress axis by an amount equal

to the nominal 1nterference hoop stress in the region of the hole boundary
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| L | l

5x10° - 10° 5x10° 0 sxi0®
o - N(cycles) |

Figu}e 5.5 Variation of the Présént’Experimehtal Fatigue Strength -

Reduction Factor, K., With Life




60.

_cowpumwpmm>cw qUasaud 3yl Lo».mmcwq mpsﬁvmm .vmsuuoz_ 9°G aunbL4

(1s¥M) ssa4iS UD3|N o
G- o~ - Gl- 0z- G2-  0f-
_ T T T _

'('!sw) ssa1g buljbuiaily




(2) mxzprmm.OP.mm_uxo_ 0T 404 BuL7 my:_wmu ;nm;uvoz.. [*G 84nbL 4

9
© , | (15%) SS84IS UDB | |
0z 8 =TI | o .8 9 v 2 0
T 11 T 1T 1 1T T 1T 1T 1 1T T T T T T 1
—2
(Goz#msoe=*» . — -
$9'2= M) gog =1y dp o |
. - | @ :
! - W .
1o 3
4 @
13
| . —8 @
o B U=31) +1 = ¥ (1og=Mose=4y =
T ) , . 4ol
dousJapiejul /1000 - : ,
G9T1'S € IDI4IDIN _ o . .
- 9joy papoo| - uid o : o
(L) subwoa ) g Jaysiy 7 N___
=4




62.

In order to obtain a'good'estimate for the latter, an interference.hoop

stress profile for the minimum net section is constructed according to

' Lame thick cylinder theory. The prof11e in Figure 5.8 is obtained for
::‘ the present spec1men dimensions. | Cons1der1ng the ent1re cross section,
interference’ produces a nominal hoop stress of approx1mate1y 19 percent
vof the hole boundary hoop stress For,the plate material near the ho]e
gboqndary 1n which dimpling produces residue1 compressive stresses rangingi
from‘about--26.5 to'-23,5 ksir, a nominal 1nterference hoop stress of

approximately 46'percent'of the hole boundary hoop stress ekists.v'The

latter is chosen to'represent.the shift along the mean stress axis due to -

an initial interference fit'thereby Teading to a better estimate of the

| net-résidua] hoop stress in the region of the hole prior to fatigue load- .

ing. Concerning the second addition, the slope S /S ofthe1oading line
H1s determ1ned from the curve of F1gure 5.9 constructed from. the ho]e
.'boundary hoop_stresses.of the minimum net section in F1gure 2.1. Note

that now the stress ratio Sa/Sm‘is not identical to the load ratio Pa/Pm

in.the presence'of an interference fit. By employing the dtmensjon]ess
stress retios in -Figure 5.9, Sa/Sm may be evaluated for any loaded hole Kt
or Ke value. The stresses are once again calculated as elastic stresses.
Given SINf’ Kes and Syous S./S, may be found as outlined below. Given
Spyr and SNOM’.a value for K is chosen from Figure 5.5 on the basis of
-an expected 1ife. Then °

SINT

Ke Sy

= A j ‘ (5.3)
£ NOM | o R
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and
ZSa ‘
K-S = B from Figure 5.9. (5.4)
f “NOM :
Now
S Sa Y SINT

Putting (5.3) and (5.4) into (5.5)

v

S, 2A+8B : o (5.

A line of slope corresponding to the ratio of Sa/Sm is drawn on Figure 5.6 .
from the new loading origin oh,the‘mean stress axis equal to
-26.5 + 0.465INT ksi.
~ The Tine is drawn to a height corresponding to
S
oM
The point where the line terminates determines the 1ife for the given

= Sa/Kf = B/2 SNOM : ' < ' (5.7)

nominal applied stress. If the obtained life is sufficiently different
from the expected life, Kf is adjusted for énother tria1.,

Applying this technique to the 9 + 9 and 10 + 10 ksi. nominal
applied stress 1evels where hole elongation is small and failures dccur
at the hole boundary at or near the minimum net}section, the predicted
values of fatigue life are entered in Table 5.4 %n comparison to the}
-values obtained experimentally. Close agreement between the two was

| achieved. Taking an interfefehce of 0.008 inch per inch, the technique
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TABLE 5.4
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- Comparison of Predicted and Actual Fatigue Lifes

'fok Present Investigation

Actual Median

0.010

Predicted
SNOM' Interference ‘Fatigue Life Fatigue Life
(ksi.) (inch/inch) (cycles) (cycles)
| 7 , 6
9+ 9 0.006 >10 1.6 x 10
9 +9 10.008 >107 4.0 x 10°
: . ] . ) 6 . ) 5 *
10 + 10 0.006 6 x 10 T 7.x 10
0+ 1 x >« 106 " 1o6
10 + 10 0.008. 2 x 107 - 10°
10 + 10 5 x 10° 6

2 x 10

* Interpolated
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predicted a fatigue strength between 9 + 9 and 10 + 10 ksi. at about 4 x 106

cycles to'fa11ure as compared to 9 + 9 ksi., found experimentally.
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CHAPTER 6
SUMMARY AND CONCLUSIONS

6.1 -Summary

"lThe effect of interfefence on .the fafigue strength‘of a dimp]ed
Toaded hole has been studied. The concept of an-optimum interference fit
For'avgiven loading of a component was examined by the'apblication-of

various degrees of interference for each stress Tevel concerned.

6Q2 Conclusions

The f011owing.c6nc1usions:can be drawnﬁ
1. Optimum interference enhances the dimp1ed,,Joadedfﬁo]e fatigué .
strength of'2024-T3;a1¢1ad, a]uminumfalloy sheet under zero-to-
tension loading. |
2. For 1ncreas1ng 1oads, optimum fat1gue strength 1mprovement requ1res
-A1ncreas1ng 1nterference |
3. 'Fat1gue strength improvements due fo dimp]ing.are rébréduéib]e,‘
4. The'dimpﬁed.loadéd-hoTé'faﬁigue strength and/or Tife of 2024-T3
_ a]c]ad aTuminum alloy sheet may be reasonab]y pred1cted by the
aforesa1d techn1que for the cases of a push f1t and 1nterference-
fit p1n when cons1der1ng nom1na1 applied stresses where hole
- elongation for the formerjcase is small and fai]ures.occur at

the hole boundary at or near the minimum net sectioh.'
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6.3 Suggestions for FurtherStudy

1.

The interference-optimization testing for dimpled specimens at maximum

"nominaT stress levels of 18, 20 and 22 ksi. could be completed.

. 'Simi1af1y, 1nterference-optimization testing could be extended to

undimpled specimens.

. Dimpling could be extended to other metals.

The effect of mean and alternatingvstressés on the fatigue strength

~ of unloaded and/or Toaded holes could be invesfigated'in order to

better envision the'shape of the notched-Specimen curve dn Sa—Sm

coordinates.
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