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ABSTRACT

The effect of interference fit on the fatigue strength of loaded

holes is well known. Recentl.y, a new technique has been deveìoped for

increasing this strength in thin sheet material. Briefly, the technique

consists of dimpling the material centering about the regìon where the

hole is to be made thus introducing tensi'le plastic strain. The dimple

cl ancl the hole drilled leavino t I the holeis then flattened and the hole drilled leaving the region around

under residual compressive stress¡ i

Experiments were camied out to obtain the combined effect of

interference and dimpling in loaded-hole fatjgue applications.

In zero-to-tension fatigue tests on nominally 0.063 in. thick

2024--13 aluminum al'loy specimens, optimum tapered-pin interference and

dimp'l'ing combined gave a fatigue strength improvement factor of 4.0 while

the dimpling technique increased the fatigue strength by a factor of 2.85

all at 106 cycles to failure.
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NOMENCLATURE

P applied pin load

d . nominal pin and hole diameter

D - width of lug

H - head hèight of lug on loaded side of hole

t - thickness of lug

6 initial difference between mating pin and ho:le diameters

S, mean stress

Su ' alternating stress

S¡lft - net stress

Stl¡l - mi nimum stress

SNRX maximum stress

S*Ol,l - nominal applied stress over the minimum net section
' N cycles to failure

Kf : fatigue strength reduction factor

factorE --. - "-;'-: -'---"

"building block" or "equivalent grain', of the material

r - hole radius

Struf - initial interferencê hole boundary hoop stress

Pu alternating pin load

P, - mean pin load

S, - nominal alternating stress over the minimum net sectionoNoM
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CHAPTER T

TNTRODUCTION

1.1 Introduction

Since the introduction of machinery, mechanical elements, subjected

to fluctuating loads, have been a victim of a mode of fa'ilure characterized 
1,,.,.,,,,.,

as fatigue. Failure is abrupt and may occur in both a ductile and a brittle .,',,',. .',

metal and at stresses substantiaìly below the yield point of the material . ,j-,.,,,,,,
:t.'.:'.::::

Smatl wonder that investigators have spent over a century in attempting to

understand the nature of and find the remedy to fatigue.

Metallurgical research conducted on the microscopÍc leve'l has lead

to the acceptance of two failure mechanisms based on the'popular Disloca- i
l

tion Theory. They are the nucleation of microcracks through the process i

of slip and the propagation of microcracks by the rupturing of atomic bonds l

at the crack tips through the action of applied tensile stresses nsrmal to

the cra.ck plane. Numerous fatigue tests, on the other hànd, have provided

a storehouse of data on the macroscopic fatigue properties of particular 
:,:,,:,,:.

materials. Surface finish, type of loadiÍìg, rìâture of load ftuctuation, i',,..,:
:,, :,, t 

,:- 
,',,.,, 

,grain size and orientatiorì, si ze of part, and atmospheric environment are

but a few of the many variables found to affect these properties. yet,

despite the vast amount of knowledge and empirica'l data available, the
.:'.t,,1,,''t

complexity of fatigue has permitted mechanica'l designers to only crudely !-','.','.,"'

approximate the fatigue strengths or service lives of even simple

components.
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In fatigue, damage begins in the portions of the material which

cannot support the apptied stresses exper.ienced therein. Fatigue is

therefore a localized phenomenon. Consequently, microcracks tend to form ,:::

at points of stress concentration. 0n the mícroscopic level, these may '' '"'''

be represented by grain boundaries, voids, or other discords in atomic

matrix. 0n the macroscopic level, holes, fillets, grooves, threads, seams,
,:.,..,

keyways or any one of a number of discontinuities required by design in ,.',',,

the shape of a part are almost invariabìy the origins. 0nce microcracks 
,,,,,.,,

.. r:,i:l' have reduced a loaded ..oss section suffÍciently, the remaining undamaged

materiaì in the section may suffer a brittle fracture.

At one time, if a part faÌled in fatigue it was simpìy replaced

by a larger, stronger one. If this proved inconvenient, the design was I

I

altered. ln engineering, and particularly where size and weight are 
i

crucial factors, it is desírable for a machine element to display a high

fatigue and/or static strength to weight ratio. To accomplish the former

in,the presence of stress concentrations, beneficial residual compressive

stresses are generalìy induced in the criticalty stressed material about .,. .,

-,.,,,,,:.

the concentrations. Applied loads are then more evenly distributed over ,,,,r',i,.,

-ttt¡t"t.'

the cross sections in question, leading to higher joint efficiencies. :

The improvement of fatigue strrengths or the extension of service

lives is still the continuing concern of much research. One is constantly
I.- .l

striving to provide sounder guarantees on the performance.of components 
'.'¡,,,',,

rr ho i nrrn'l rrodespeciaìly when human lives may be involved. This thesis highlights a

particular sampìe of such research.
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The present experimental investigation proposes and examines the

effectiveness of a neu, method for increasing the fatigue strength of

loaded.holeconnectionsinsheetmateria:l.Themethodentailscombining

two previously establ'ished techniques, dimpling and interference. Dimpling

induces beneficial residual compressive stresses around concentrations and

interference operates to reduce harmful stress fluctuations over the

critical cross section of the loaded sheet material
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CHAPTER 2

REVIEI^I OF LITERATURE ON FATIGUE

STRENGTHENING OF LOADED HOLES

2.1 ïntroduction

A maior concern of mechanical designers is the harmful effect'of
''tt: tt't 

" 

t:;
stress concentrato'rs on the fatigue life of components. Both an inter- ',',"'

ference fit and the new technique termed dimptÍng have individuaìty been ilì.,,,.t'ttt"t

proven successful in improving the fatigue strength of lóaded hO]es by

:ireducjng the effect of the stress concentrator. A representative survey

of published research involving the use of ínterference fits and dimptÍng

fol lows

l

2.2 The Interfêrence:Fit Method

Interference will be defined throughsut the entire thesis as: :

td(pin) - d(hote)]/d(r¡ole).

An interference fit, created by the insertion of an oversized pin. 
i,,,:,r--

into a given size hole, has been studied by stress anaìysts and fatigue ,,,j

researchers al ike. 
:: : ::

Jessopo SneTl and Holister (1) performed a photoelastic investi-
gation on the vaÈiation of the hoop tensile stresses and the shear stresses

;_-. .::':....:

in a plate around a hole boundary with pin load for the cases of a push .',,,,:,,'

fit and interference fìts between the pin and the plate. l,lith interference,

all the mean stresses urere enhanced, but the majority of the alternating
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stresses were considerably reduced. Figure 2.L illustrates the approximate

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

investigators for the case of a steel pin ín an aluminum alloy lug. The

maximum hoop tensile stress occurred on the minimum transverse section

for both a push-fit pin and for the two degrees of interference. In addi-
a4tion, at a maximum pín load of 32 x 10J LB./IN.¿, the resultant maximum

hoop tensile stress was reduced by approximately 20 and 34 percent with

interferences of 0.003 and 0.006 inch per inch hole diameter respectively.

The maximum shear stress on the horizontat diameter versus pin load is

shown in Figure 2.2. The interference reduced the rate of increase of

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

be obtained for the push-fit case. Figure 2.3 presents the distribution

of shear stress found around the hole boundary; The maximum shear stress

for the push-fit case occurred about 30o from the horizontal diameter on

the loaded side of the hole but this maximum was displaced towards the

horizontal diameter as the interference v,Jas increased.

Ligenza (2) also employed photoelasticity to study the variation,

with load, of the maximum hoop tensile stress on the hole boundary of the

horizontal diameter in a pin-ìoaded, semicircular-ended 'lug for various

amounts of interference furnished by interference-fit liners. The varia-

tion found for an interference fit bore a resemblance to the one found

by Jessop, Snell and Holister. That is, the applied load changed the

maximum hoop tensile stress only slightly at lower toad levels and at a

slight rate of increase at intermediate loads, rlntil, at a critical level,

t,:.
r'ì
i,il
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the stress became proportional to load, as shown in Figure 2.4. Based

upon the measurements of the variation of maximum hoop tensile stress

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

rations, Ligenza showed that interference fits could be used to combat

fatigue within pin-toaded lugs by reducing cyclic-stress levels at the

critical regions and that an optimum level of interference exists with

each applied load for each lug-liner configuration.

Lambert and Brailey (3), with the use of photoelasticity, dis-

cove,red that with an initiat interference fit between pin and plate, the

increase in maximum shean stress for a given increase in load increased

with increasing load but that the stress-load relationship showed a

distinct discontinuity. The toad at which this discontinuity occurred

was dependent upon both the initial interference and the coefficient of

friction between the pin and the plate. A high coefficient of frÍction

coupled with an initial'interference fit effectuaity reauced the shear

stress concentration factor.

trn an early work on the effect of an interference fit on fatigue

life, Fisher and tlinkworth (4) showed that little improvement in fat.igue

life was obtained with straight-shank f¡isteners for interfer.ences within

shop to]erances. Later, (5), they discovered that for interferences

exceeding 0.0043 inch per inch of diameter, an increase from about 300,000

cycìes for a small clearance to non-failure in 10,000,000 cycles was

usually obtained in B.S. 165 Al-Cu alloy lugs of the square-ended type

subjected to ftuctuating nominal tensile stresses on the minimum section

o
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Figure 2.4 Schematic Diagram of Minimum Section, Hole Boundary Hoop
Stress Versus Applied Pin Load. Photoelastic Anaìysis (2)
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of 13.4 + 4 ksi. This improvement was also obtained for a mild steel

bush-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 diameter was required to show a definite fatigue- ,':,'

'life improvement in aluminum al,1oy lugs.

Fisher and Yoemans (Z) stu¿ied the effect of interference at'

three mean stress levels for lugs in the Al-Cu altoy B.S. L65 and the 
'1,:¡¡,,,',,i,

---rr^ ---!-.-^l:- +L^+ r 
ì:-:':"':

Al-Zn-Mg alìoy DTD 363. The results, entered in Table 2.1., show that a
,-: .:-.'

' '1.: :'

considerabìe 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 1L.2 ksi.

Conductingzero-to-tensionfatiguetests,HartmanandJacobS(8)

examined the effect of interference.and clearance, with life, on the

fatigue strength of 24S-T Al-Cu altoy'lugs. The S-N curves found are

displayed 'in Figures 2.5 and 2.6. The maximum interference values

of 0.004 and 0.0067 inch per inch tested provided fatigue strength ,

improvement factors of 2.2 and 2,0 in comparison to clearance at 106 
,,

cycles to failure for the larger and smaller hole diameter-to-width of l':'.''r'
-4. . ..

ì ug ratios respectively. Further, in each case, the benef Íciat effect , ,.,',,.,',

of interference continually decreased as the life decreased.

From performing direct stress, tension-tenSion fatigue tests on

Square-ended l ugs made from the al uminum-copper aì loy B. S. L65o Low (9) . ,., ,,

observed that the fatigue strength progressively increased with increase

in interference, up to an upper limit represented approximately by the

11. .

i'.,.,',.:,,Ì'....



TABLE 2.1

Alternating Stresses (+ tsi) in Aluminum Aìloy l-ugs

Failing in tO6 Cycl:t,.tno".lng the Effect of ïnterference 
.;,;:,,,1

at Various Mean Stresses (7)

Row Interference
(inch/inch)

Al-Cu alloy B.S. 165

with mean stress (ksi)
of

o lrr.z 116.8

Al-Zn-Mg al'loy DTD 363

with mean stress (ksi)
of

Lt.z I 16. B

A

B

Ratio B/A

0.001'

0.0043

r9

+L3

4

3

t.4

3.15

7.6

2.4

2.5

3.4

1.35

3.5

7.2

2.t

2.9

4.8

1.65

72.
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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 addition, with referen'ce to Figure 2.7, the author suggested

that the best interference may vary with the design tife (or loading) of
the joint

Smith (tO) also arrived at the conclusion that one and only one

amount of interference is optimum for a given toading of a component:,,

Zero-to-tension fatigue tests on the effect.of pressed-Ín.bushings of

hardened steel on the fatigue life of semicircular-ended lugs of 7075-T6

aluminum al.Joy indicated an optimum interference of 0.006 inch per inch

of hole diameter for which a fatigue life of over a million cycìes was

achieved as compared to 34,500 cycìes with no interference and for the

same loading; The average fatigue lives with interference values of 0.004

and 0.008 inch per inch were significantly greater than the average obtained

with no interference but were less than the average achieved using an

interference of 0.006 inch per inch. Smith (11) added further support to

the concept of an optimum interference for a given toading of a component

by develop'ing the life versus interference curve in Figure 2.8 for

small 0.10-inch-thick lugs of 7075-T6 aluminum alloy tested at approxi-

mately 6.0 + 6.0 ksi gross area stress and using taper pins to provide

known amounts of interference.

Mittenbergs and Beall (12) showed that with increasing ínterfer-

ence, the fatigue strength of sAE 4340 steel, pin-loaded lugs subjected

to a combined loading consisting of a steady tension component and an

: .:,Ì
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alternating reversed cantilever-type bending moment was continually

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

per inch, an interference of 0.002 inch per inch increased the moment-

camying capacity by about 90 percent and that of 0.003 inch per inch by

about L50 percent. All failures originated at the pinhole interface.

Fretting was present in the locations of faiìure origins. The fr:etted

areas, however, Eenerally decreased with increasing pin interference.

Using small-pinned connections made from FV 5208 alloy steel,

l^lhite (13) found that, in pulsating tension tests, the fatigue strength

increased ìinearly with interference for the range of pin-interference

tested. At a maximum pin interference of 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 life of 106

cycles. The exact-fit specimens faited on the horizontal center-l.ine

where fretting occurred and the stress was the highest. In specimens

with interference-fit pins, both fretting and cracking were displaced from

the horizontal center-line ín the direction of the unloaded side of the

hole, the disp'lacement increasing with increasing interference.

2.3 The Dimpling Method

Recently, Shewchuk and Roberts (14) have shown in zero-to-tension

fatigue tests that considerable improvement in the fatigue strength of

loaded holes in shee,t material is possible as a result of dimpling, a
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technique of inducing residual compressive stresses in a plate material

around a hole prior to loading. A fatigue strength improvement factor

of nearly 3.0 for 106 cycles to failure was obtained based on the median

lives of nominally 0.050-inch-thick 2024-T3 atclad aluminum alloy speci-

mens.

Employing the dimpling process, Shewchuk (15) later discovered

that a fatigue strength reduction factor of 2.2 for an un:loaded hole in

nominalty 0.050-inch-thick 2024-T3 alclad aluminum alìoy, specimens was

reduced by approximately 36 percent at 106cyc1es to failure in zero-to-

tension fatigue tests.

2.4 Closure

The end effects of interference fits and dimpìing on the fatigue

strength of loaded holes have been presented. Tabl e 2,2 summarizes the

fatigue strength or Iife improvements found by the aforesaid investÍgators.

Differences in loading, design and material of specimens among the investi-

gations, however, make a direct comparison of results impossible. In

addition, techniques for fatigue strength improvement generally increase ,

in effectiveness with increasing tife. Thus the strength improvement

factors for (12) and (13) would be less than 2.5 and 2.0 respective:ly

at'106 cycles to failure. In the next chapter, the ruling mechanism(s)

of each technique will be discussed.
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TABLE 2.2

Strength or Life Improvement Factors Established with

the Interference. and Dimpl ing Techniques

Techn i que Investigator
Strength improvement

factor at
given I ife

Li fe
Ímprovêment

factor:

Interference Fisher & l^linkworth (5) 33.3

Fisher & Yeomans (7) 1.35 - 2.4 at 106

Hartman & Jacobs (8) 2.0 - 2.2 at 106

Low (e) 4.0 at 106

Smith (10) 31. 6

Smith (11) 28.0

Mittenbergs & Beaì1 (12) 2.5 at 107

l¡Jhite (13) 2.0 at 108

Dimpl i ng Shewchuk & Roberts (14) 2.92 at 106

Shewchuk (15) 1.64 at 106



20.

THE DIMPLING-INTERFERENCE METHOD

3.1 Introduction

-

The fatigue life of a given component is governed essentia¡y by

the mean and alternating stresses that it experiences under the action of
applìed toads, and by the nature of fr"etting which occurs. For metals,

mean and alternating stresses have a more adverse effect on the life as

each is intensified. Damage induced by fretting is dependent upon both

the normal pressure and the relative slip at points of contact between

components, BV appropriately controlìing one or more of these factors,
an enhanced fatigue life should result.

3.2 The Dimpling Mechanism

t:.Ì
'..i

Eimpling is a recent technique of introducing residual compressive

stresses in a plate material around a hole prior to loading. Briefly,
the technique, as illustrated in Figure3.lr consists of dimpling the ;lçr.,

material centering about the region where the hole is to be made, thus .iì.,

introducing tensite plastic strain. The dimple is then flattened and the 
::"':'

h'oledrilledleavingtheregionaroundtheholeunderresidualcompressive

stresses. Employing the X-ray diffraction technique, shewchuk and 
,,,r,,

Roberts (14) found the stress distributions of Figure3,2 to be associated 
lr'i;:""

with the optimum indentor-die combination. Note the fairly broad peaks

for the hoop stresses exce,pt very near to the hote boundary where it Ís
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thought that the residual compressive stresses may approach the yieìd

point of the material. Figure 3.3 demonstrates schematicaìty the super-

position of the tensile hoop stresses of a maximum load onto the r.esidual
'

hoopstressesproducedbydimpling.Thenetstressesin(c)resu1t.

Notice that in the critical region near the hole boundary, the high

residual compressive stresses have significantly reduced the load stresses

while in the lower stressed region away from the hote boundary the low

load stresses have.not increased the high residual tensile stresses to

any great extent. The end effect is a lowering of the mean stresses in

the critically stressed region accompanied by an improvement in the

fatigue strength of the component

3.3 The Interference Mechanism

Aninterferencefit,producedbyinsertionofanoversizedpin

into a given size hole of a plate, increases the mean hoop stresses, but

significantìy lowers the alternating stresses in the plate so that a

prreferable stress state is produced. Interference fits also reduce the 
,,,,!-,.,:-

amount of relative movement or slip between points of contact at the hote 
,1,'-,,,

boundary and thus act as a deterrent to fretting fatigue. The reduction ':'":':':

of the alternating stresses in the criticatly stressed regions of a simpte

pin ioint or lug was expìained by Heywood (16) with the'aid of Figure 3.4.

WithnoloadatthepifliôIìinterference-fitpinproducestensilehoop

stresses (represented by the curve) and a radial compressive stress fi.e'ld

in the lug material about the hole. When an externaì pin load is applied,
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l.:,:, 1+ li :" : 2 :'U.. 4.:,1

the radial compressive stresses on the unloaded side of the hoìe 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

. stresses on the unloaded side of the hole (forcing the pin in the direc-

tion of loading) have been replaced with an equivalent pin ]oad while'

therefore ins.ignificantly altering the stresses in the crÍtical minimum

section. The schematic hoop stress versus pin load curve of Figure 2.4

usually results.. Stresses within the etastic limit are considered.

3.4 The Dimpling-Interference Mechanism

By combining an interference fit with dimpling, either both the

stress range and maximum hoop stress or both the alternating and mean

hoop stresses within the plate material in the critical region about the

hole should be reduced, subsequentTy yielding a greater fatigue life than

either method alone could produce. Employing the Goodman-type fatigue-

strength diagram of Figure 3.5 constructed from unnotched data for 2024-T3

alclad aluminum 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 mínimum 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

same load stresses will be applied to each specimen for the purpose of

postulating -amechanism. It is also assumed here that the plate material

will not experience any fìuctuation in hoop stress at any point in the

':
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minimum section until the load hoop stress exceeds the initial interfer-

ence hoop stress at that point due to the interference mechanism. Minimum

and maximum hoop'stresses experienced at the hole boundary of the minimum

net section are listed for each specimen. According to Figure 3.5, the

dimpted specimen with interference'would endure the highest number of
load applications. Looking at the last assumption, it also becomes obvious

that the interference which is able to create hoop stresses most nearly

approximating the applied load maximum hoop stresses especiaìty in the

critical region about the hole would represent the optimum interference

since the least severe static-load condition would then be approached,

thereby reducing or eliminating the possibility of a failure initiating
at the point in question.

3.5 Closure

Considering the beneficial effects of interference and dimpling
:

the. fatigue strength of pin-loaded holes, and the relative independence

the two mechanisms, it was postulated that further fatigue strengthen-

is possible by combining dimpting with interference.

on

or

ing
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CHAPTER 4

EXPERIMENTAL STUDY

4.1 Introduction

, An experimental program was carried out to evaluate the combined

effect of an interference fit. and dimpling on the loaded hole fatigue 
i,.i.,
:-:. :

strength of thin aluminum sheet. Specimen material, type of loading, and l''
,.. ,

close dimensional simil itude were maintained in one-to-one correspondence 
i.,,,

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

4.2 Test lrogram i

i

The investigation was designed to present the following informa-

tion for a pin-loaded specimen of given material and configuration but in 
,

ivarying preparation or condition:

(1) An S-N curve for plain specimens utitizing exact-fit pins
l

(2) An S-N curve for dimpled specimens utiìizing exact fit pins

(3) The optimum interference, based on fatigue tests,'for dimpled i':,':
specimens at each stress level equal to and/or above those in (2) 

,i,.
. .:i.

(a) An S-N curve for dimpled specimens utitizing the optimum interference ,:

fits dictated bV (3)

From these curves, the pçrformance expressed in terms of fatigue strength 
i,,,,

of each specimen condition relative to the others could be ascertained.

30,
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4.3 Test Details

4.3.1 Material and Specimens

,

. .. 11: The specimens were prepared from conrnerciatly available 2024-T3 : ;Ï: ::,,r
-l

alclad aluminum alloy sheet. Table 4.1 tists the nominal chemical com-

position and mechanical properties of the material. The mechanical
:::::':_'

; properties, as determined from laboratory tensile tests, are also entered i,,,1.,¡'¡:,,,
., 

.'t ' 
'

; in Table 4.1. Interferençe and exact fits were provided by ground, 4t4O ,:,;..,.:,:.
-::. t...' :'

I aìloy-steel tapered pins wÌth a Rockwell C hardness between 42 and 46. r::""':

The taper was 0.0208 inch per inch.

i The specimen dimensions and orientation with regard to the rotling ,

direction are shown Ìn-Figure 4.1.
i

1

i 4. 3.. 2 lpecimen Preparati on l

Blank specimens were first rough cut to the appropriate length
ifrom the sheet using a shear press. These rniere subsequently milled from

one edge to the required transverse dimension i,:.: :;
'. :._ t:_ 

:

The dimpling procedure, in the order in which it was performed, ,:,',,'.'
:;-:;:-: .:'.,' is shown in Figures 4.2 to 4.4. The combination. of dimpting parameters '::';:''.

in Figure 4.2 comespond to the optimum found by Shewchuk and Roberts (14).

The operations in Figures 4.3 and 4.4 were employed to successfully flatten :

the dimple. Clearances of 0.017 and 0.014 inch existed between the speci- r,.,.,',;,,':,,'.
.' -'l

'men and the loading fork prior to and after dimpling respectivety.

-...-.,...::.
\:.:.:.: ...: :.-. ..

i:, .. ' -..r::



TABLE 4.1

l{ominal Chemical and Mechanical Prpperties

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

Nominal Chemicgl Properties

4.5%

r.5%

0.6%

Nominal Mechanic_al Properties

Ultimate Tensile Strength 65,000 psi.

Yield Strength 5,000 psi.

Hardness E 90-100

'Fatigue Limit (unclad) 20,000 psi.

r
G 500 x 10o cycles

R. R. Moore Rotating Bending

Modulus of Elastìcity 10.6 x 106 psi.

Mechanical Prope_rties as Determined

From Laborator.v Tensile Tests

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

Yield Strength
(O.ZU offset strain) 42,100/42,500 psi.

Elongation in 1 inch, % l9/t9

Modulus of Elasticity 10.5 x to6/t0.7 x 106 psi.

Cu

Mg

Mn

32.

l:.t:.,:'
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3t+,

2O24-T3 Alclod
Aluminum Alloy
0.063" I

Tl

-0.667" Diometer
Spherlcol lndentor

l5l16" Dimple Diometer5/16" Die Rodius

Fiqure 4.2 Dimpling - lndenlotion.

_ Low Pitch
Flottening,Cone

Side I

----i- 
Deformotion

Figure 4.3 Dimpling - First sloge f lottening

o.t65 r o.oozl'

O.O48" Thick Flonening Ring
( lndentor Holder) O.t65 1O.OO2"

Deformolion
o.o58:o.oo2"

Side 2

Figure 4.4 Dimpling - Second stoge flottening.
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Hole'preparation was performed in two stages. First, an under-

sized hole was drilled using a center dri'11, centered initially by a

specimen hole accurately located with the same center drill on a milling

machine. The existing hole was then reamed to the proper size 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 vertical depth indicated by a dial on the drill press, accurate

to + 7¡g2 inch, and determined on the basis of the tîeamer dimensions

specifie.d by the manufacturer. The taper t^las again 0.0208 inch per inch.

The general set-up is displayed in Figure 4.5. Further, any burr remain-

ing on the hole after reaming vras gently removed with 6004 grit paper".

4.3.3 Interference Technique

The degree of interference u/as governed by the appropriate amount

of forced relative displacement of thg tapered pin through the specimen

hole as suggested in Figure 4.6. The tapered holes in the loading for,k

were reamed to afford a loose fit between the pin and the loading fork

up to a maximum interference of 9 percent in the specimen

4.3.4 Test Procedure

In keeping wÍth the test program, three types of specimen condition

were tested - plain, dimpled, and dimpìed r+ith interference. Interference

levels for the dimpled specimens were appropriately varied to establish

the optimum interference for the majority of the given nominal applied

r:.. -t. -'- :
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Fi'gure 4.5 Hole Prepar.ation - Reaming
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stress levels. In addítion, several preliminary tests were performed on

plain specimens with ínterference in order to substantiate the interfer-

ence technique. The specimens were all cycled in zero-to-tension fatigue

tests at 100 Hz in an Amsler Vibrophore. Each specimen was cycled con-

tÍnuously until fracture. F'igure 4.7 shows the loading arrangement.

4-4 Test Results

Theresultsoftheinterferenceoptimizationtestingandthe

associated S-N curves are presented in Figures 4.8 and 4.9 respecitvely.

Table 4:2 lists the results of the fatigue tests performed on pla'in

specimens with and without pin interference.

Unnotched data for 2ß24-ï3 alclad aluminum alloy sheet (15) and

the dimp'led specimen curve from Shewchuk and Roberts (t+) ar.e also included

in Figure 4.9 for later analysis and comparison purposes.

i':'r:rt.r
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Figure 4.7 Loadi ng Aruangement

'l
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TABLE 4.2

Resu'lts of Fatigue Tests on Plain Specimens

blith and l¡lithout Pin Interference

Stress
(ksi)

Interference
(inch/inch) Cycles to Failure, N

6

,8

10

L2

L4

16

18

20

0.000

0.000
0.004
0.005
0.006
0.007
0.008
0.010
0.014
0.018
0.024

0.000
0.004
0. 006
0.048

0.000

0.000
0.006

0.000
0.004
0.005

0.000
0.004
0.005
0.006

1,265, 000/ 1 , 307 ,000/ 1. ,000, 000/ 920 , 000

355, 000/400, 000/395,000/425. 000
751,000/ 1, 820, 000/450, 000/ 1, 463,000

189 ,000/ 200, 000/ 262 ,000/ 230,000

I 40, 000/ 138, 000/215, 000/ 167, 000
2L8,000/ 1.90, 000
249,000/ 220,000 / 200, 000

90, 000/ 9B,000/ 1 35 ,000
121,5oo
132,000/133,000
123;000

67 ,000/68,000/92,000
86, 000
106,000

116, 000/97,500/ 1.07, 500/ 1 13, 000
84,500
702,500/ 106, 500/ 97,500
2 10, 000/93 ,5 00
420,000
885,000
1,7t5, ooo

61,000/55,000/59,000
67, ooo
88,500
3,900,000 (No Faiìure)

24,000/ 2g,000/40,000
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CHAPTER 5

ANALYSIS OF RESULTS

5.1 Introduction

A discussion of the test results presented in the previous chapter

wiIt now be conducted under the following headings: ,., ,, .

.l . .; .:. :,

;i:::, r:i::.(1) Dimpì ins

(2) Interference Teclrnique
,:': 

:-:t::t-:

(3) Interference 0ptimization

(a) Dimp'ling with Optimum Interference

(5) Interference versus Crack Location

: (6) Prediction of Fatigue Strength and Life.

.

5.2 Dimpl inq

According to Figure 4.9, dimpling creates a strength improvement I

factor of 2.85 at 106 cycles to failure. The strengthening effect is due

to.the ability of the compressive stresses, set up by the dimpling process ,,,' ,,,.,,.
: .1. . ."t. .'

about the loaded hole, to counteract any applied tensile stresses therein ',-,,1

and ther.eby r:educe the magnitudes of the net and mean stresses. The ':r':r':':

strengthéning effect of dimpling, however, becomes progressively lower as

the fatigue life decreases.

In the'present dimp'ling process, a different flattening procedure . ' '

was employed in lieu of the one used by Shewchuk and Roberts (1a). Follow-

ing the.latter method gave rise to tongitudinal bowing in the specimen
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test section containing the treated material. 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 high range in levels of interferen'ce, tapered pins

wetne used in the present experimental investigation in preference to

chamfered pins of the type used by (9) and (10). It is postulated that

damage induced in the p'late materiaï surrounding the hole by the graduaì

forced entry of a fully tapered pin is smaller as compared to that created

by pressing through a plain drilted hole, a proper size pin having an

initial entry chamfêr. Pinhole damage. produced by the latter was reported

by smith (t0) for an interference level as low as 0.006 inch per inch

when an insufficient entry ìength at a 100 chamfer uJas used. In the ì:

present case, extrusion of p'late material from the hoìe in the form of a
:

slight ridge was not noticeable until an interference of approximateìy 4

percent of hole diameter. In addition, wÍth tapered pins, the recurring

need'to match the proper size pin to a hole of known measured diameter

to give the desirred interference was elimínated. Further, for the taper

and plate thickness used, the difference between the degrees of inter-

ference at both ends of the specimen hole was negligible.

t.
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Some insight into the performance of the technique may be obtained

from a comparison of the present results of tests performed on p'lain specÍ-

mens with inte.rference to those of Hartman and Jacobs (8), Low (9), and

Smith (tO¡.. Befor.e a comparison can be made, however, differences in , 1,,,,

materíal; lug geometry, and interference'levels must somehow be accounted

for. In an attempt to acconrplish thiS, the following approach is adopted

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

l.'.'.
slrlRx - Kt t SttoN 

.' ,

. rtllt rtrtsñi - -ENi.

and

45.

Sil,lT

TY

where SMAX = maximum ìoad hoop stress at the hole boundary of the

minimum net section 
i

.'K. = fatigue strength reduction factor
T

Q = nominal appìied stress over the minimum net sectjon-NOM è ur sJJ uYEl LIls 
,,:,,:j

c = initial interference hoop stress at the hoìe boundary ','
" I NT 

',,'.',t::.: :.:.:of the minimum net section

ç = yield stress of the given material"Y

The first ratio gives an indication of the degree of loading for the given

interference. The second gives an indication of the degree of interference ilr,l.',,;.
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Maximum load and initial interference hoop stresses are computed as elastic

stresses regardless of whether or not the actuaì yield point of the material

is exceeded. Good agreement between investigations is considered to exist

when, for identical corresponding stress ratios, the specimens of each

fail at the same tife. What is involved, therefore, is to establish the

equivalent levels of interference and corresponding app'lied stresses at a

given life for the present investigation from the stress ratios of the

others at the same life. A comparison is then made with the available

present experimental results at the life in question.

Fatigue strength reduction factors, Kf, are calculated from

Neuber's equation for holes

K--1
Kr = l*{-*nz

Kt = theoreticat stress concentration factor

(5.1)

where

= ernpirical constant representing the half tengt,h of a

fictitious "building block" or 1'equivalent grain" of

the material, inches

and

r = radius of the hole, inches.

Theoretical stress concentration factors for the'various dimensional

combinations of the specimens are estabìished from the curves in Figure 5.1

extracted from Heywood (tO), Values for'the empirical constant are

obtained from the curves in Figure 5.2 reported in Juvinaìl (18). The

'iirt-'.::.:
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calculated fatt'gue 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.

tabulated from the Lamé thick cylinder theory as applied to shrink fits.
Lambert (19), employing pho.toelasticity, has shown that for. ratios of

hole diameter to plate width (d/D) of less than 0.6, the Lamé theory

sensibly predicts the principal stresses on the hole boundary due to an

interference-fit p,in in a rectangular plate of finite width. The initial
interference hoop stresses at the hole boundary for the four investigations

are given in Table 5.2 for the ìevels of interference tested.

The results of the analysis for 106 cycles to failure are entered

in'Table 5.3. Present experimental fatigue strengths agree to within 18.5

percent of the required values for equivalent or nearly equivalent levels

of interfelîence. 0f some note also is the close agreement between Low,

and Hartman and Jacobs via the present experimentat ínvestigation.

5.4 Interference OptÍmization

Referring to Figure 4.8, each stress:level appears to have an

optr'mum 'interference. That is, an interference fit at which the loaded

hole can sustain the highest number of load appìications for the given

loading. 'Below the optimum, the fatigue life of the component increases

with increasing interference. Above the optimum, the component suffers

an initial decline in fatigue life from the maximum before the latter
apparently stabilizes at a level which still represents a substantial

improvement.

i .-r': :

iì:t-":
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TABLE 5.1

Calculated K- Values for Loaded-Hote Specimens
I

Investi gati on
Spec'imen Dimensions

d(in.) I D(in.) | H(in.)
Kt Kf

Present Investigation

Lpw (e)

Hartman & Jacobs (B)

Smith (10)

0.1976

1. 000

0.236

0.394

1.250

t.26

2.25

1. 1B

i.18

3. 75

0 945

5001

0.787

0.787

1.875

6 35

2 70

5.50

3. 50

3.50

4.53

2.49

4.07

2.84

3. 15

l. ..l
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TABLE 5.2

Interference Hole Boundary Hoop Stresses for Loaded-Hole Specimens

Investí gati on Material S
v

Interference,
i nch/ i nch

l-lol e Bqundary
'Hoop Stress

(ksi. )

Present
Investi gati on

Low (e)

Hartman &

Jacobs (B)

Smith (10)

2024-T3

B.S. 165

24S-T

24S.7

7075-T6

43

58

50

50

75

0.005

0.006

0.0'10

0.014

0.018

0.0?4

0.002

0.004

0.007

0.010

0.0025

0.0067

0.0040

0.006
(1/8 in. bushing)

0. 006
(U4 in. bushing)

34..6

4L.5

69.2

96.9

t24.6
166.1

29.6

59.1

103.4

t47.8

t7
46

29

25

35

5

8
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. Interference levels considerably higher than previously investi-
gated were used to provide the improvements in strength. These were

required to prevent hole elongation in the specimens under the initial
load applications.that would reduce to sorne extent.or entirety the amount

of pìate material under radial compression at zero load on the unïoaded

side of the hole. To prevent hole elongations at higher load levels, more

interference is required. Failure to do so, wouìd resuît in less than

optimum strengthening with decrease in life. This is also demonstrated

by the constant life cunves of Low (g) in Figure 2.7.

5.5 Dimpling with Optimum Interferenqe

From Figure 4.9, optimum tapered-pin ïnterference increases the
adimpled' loaded-ho1e fatigue strength by approximately 40 percent at 10b

cycles to failure and relative to the pìain specimen at this life, it
represents a fatigue strength improvement factor of 4.0. hlith the

addition of the 'unloading effect' of an interference fit, fluctuations

in stresses experienced by the plate material are reduced. In addition,

shear stresses set up at the hole boundary by an iriterference fit reduce

the amount of relative motion between the pin and the plate and thus act

as a deterrent to fretting as well as possibly prevent to some extent the

opening up, under load, of hole boundary microcracks. The strengthening

effect with respect to the plain specimen, again, decreases with decrease

in life.

53.

i-ì.,:.)
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The fatigue strength reduction factqrs at 106 cycles to failure
':

are found to be:

pl ai n 4.76

Dimpl ed t.A¡

Dimpled, Optimum Interference 1.18 _

Thus it is seen that the combined technique provides a most significant
fatigue strength improvement.

5.6 Interference versus Crack Location

The effect of interference on crack location in failed, dimpled

specimens for three stress levels is illustrated in Figure b.3. Zero-

interference specimens appear to fail eithet^ on or slighily ahead of the

horizontal centre-line where fretting occurs and maximum stress range and

possibly maximum stress are highest. Both fretting and cracking continu-

ally shift toward the unloaded side of the hole wíth increasing interfer-
ence until the interference essentíally nu11ífies the stress-conientrating

effect of the hole by reducing the alternating stresses as well as the

degree of fretting, but leads to failure of the specimen within or across

the dimp'le diameter behind the hole where the combination of mean and

alternating ,stresses must produce a more unfavorable stress state.

5.7 Prediction of Fatigue Strenqth and Life

The fatigue strength of

for the cases of a push-fit and

employed by Shewchuk and Roberts

dimpled loaded holes

an interference'fit

(14) is selected in

will now be estimated

pin. The method

favor of other
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approaches since it has been shown to reasonably predict the dimpled

loaded-hole fatigue strength for the former case. Additions are included

in the method when considering an interference fit. In each case, failure

is assumed to occur at the minimum net section. Predicted values and

experimental results are compared.

(a ) Dimpt_ed; Push- Fi t Pi n

The method employed by (14) is demonstrated graphicalìy in

Figure 5.4. One begins by constructing a Goodman lÍne for the desired

life, line AB, on Su-S* coordinates. In order to work with nominal applied
ttt

stresses in the prese.nce of a stress concentration, a new line DE is drawn

parralteì to line AB but shifted according to the associated fatigue strength

reduction factor as shown in the Figure. A residual stress immediate'ly

adjacent to the stress concentration is then treated'as an externally applied

nominal stress causing a shift DF in the origin on the mean stress axis

equal to the amount of the residual stress. This approach might seem

warranted for dimpling due to the broad residual stress profile produced

intheplatemateria1neartheho]eboundary.Inotherwords,fai1ure

does not necessariìy need to be based on the stnesses at the hole, boundary

for the case of a broad residual stress profile about the hote. A line of

slope corresponding to the ratio of Su/S, is drawn next intersecting ED

at G. The point G or H on the Su axis defines the'permissible nominal

alternating stress for the'loading ratio or cor¡d:ition Pu/P* for the life
in question. Note that for a îoaded hole with a push-fit pin, the applied

stress ratio Sa/Sm is identical to the load ratio pu/pr.

56,
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Employing the Goodman lïnes in Figure 3.5 and the experimentally

determined fatigue strength reduction factors in Figure 5.S, the ,notched,

Goodman lines in Figur:e 5.6 are drawn with one considerration. The static

strength of a notched component is equivalent to the ultimate tensile.

strength of the material. Therefore instead of per:mitting the 'notched'

Goodman lines from intersecting the mean stress axis at a value below the

latter str"ength, the alternating stresses were reduced exponentially from

the line MN according to the relation

'' Su = tCS**Zksi'

where

C and Z are constants for the particular'notched'Goodman line

such that all the'lines intersected the mean stress axis at the ultimate

tensile strength of the material. The results of Fisher and Yeomans Q)

p'lotted in Figure S.Z a¿¿ support to this. Selecting the measured residual

stress of -26.5 ksi. (14) to be the effective residuä'l stress in the

region of the hole, the method yields a dimpled lcaded-hole fatigue strength

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

ô r' n-n^nim¡-'t-r'l 1 rrto 9.05 1 9.05 ksi. experimenta'lly.

(b) Dimpled; Intenference-Fit Pin

Two additions to the previous method are now introduced for the

case of an interference-fit pin. Firstly, an initiat interference fit is"

considered to create a s.hift along the mean stress axis by an amount equal

to the nominal interference hoop strress in the region of the hole boundary.

(5.2)
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5 x lo5 106
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in order to obtain a good estimate for the latter, an interference hoop

stress profile for the minimum net section ís constructed according to

Lamé thick cylinder theory. The profile in Figure 5.8 is obtajned for

the present specimen dimensions. Considering the entire cross section,

interference'produces a nominal hoop stress of approximate'ly 19 percent

of the hole boundary hgop stress. For the plate material near the hole

boundary in which dimp'ling produces residual compressive stres.ses ranging

from about -26.5 to -23.5 ksi., a nomínal Ínterference hoop stress of

approximately 46 percent of the hole boundary hoop stress exists. The

latter is chosen to represent,the shift a'long the mean stress axis due to

an initial interference fit thereby leadÍng to a better estimate of the

net residual hoop stress in the region of the hole prior to fatigue load-

ing. Concerning the second addition, the slope Sa/Sm oftheloading line

is determined from the curve of Figure 5.9 construbted from.the hole

boundary hoop stresses of the minimum net section in Figure 2.1. Note

that now the stress ratio Sa/Sm is not identical to the load ratio PulPn'

in the presence of an interference fit. By empìoying the dimensionless

stress ratios in Figure 5.9, Sa/Sm môy be evaluated for any loaded hole K*
L

or K* value. The stresses are once again calculated as elastic stresses.
I

Given SINT, K* and SN'M, Sa/Sm may be found as outlined below. Given

st*t and sNgM, a value for Kt is chosen from Figure 5.5 on the basis of

an expected life. Then

SiNT 
=K^Sr NOM

(5.3)
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25_

t :ê't = B from Figure 5.9. (5"4)
''f "floM

lþw

+= çk
Puttins (s.3) and (5.4) into (5.5)

saB
Ç=24- + B

(5.5)

A line of slope coresponding to the ratio of S./S,n is drawn on Figure 5.6

from the new loading origin on the mean stress axis equal to

-26.5 + 0.4651¡¡T ksi

The lir¡e is drawn to a height corresponding to

tuoo* = sa/Kf = B/2 sNoM i (s.z)

The point where the line terminates determines the life for the given 
i,,,,

'r,,t-,. .i
ngnina]appliedstress"Iftheobtained]ifeissufficient1ydifferent

,... ,,

fiom the expected life, K, is adiusted for another trial. ,,..i'',1,

' Apptying this technique to the 9 + 9 and 10 + l0 ksi, nominal

apptied stress Ievels where hole elongation is sma'll and failures occur

at the hole boundary at or near the minimum net section, the predicted 
i.r,,t,

values of fatigue life are entered in Tabte 5.4 in comparison to the

valuesobtafnedexperimenta1ty.C1oseagreementbetweenthetwowas

achieved. Taking an interference of 0.008 inch per inch, the technique :
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TABLE 5.4

Comparison of Predicted and Actual Fatigue Lifes

for Present Investigation

i:'.: :

' . .1

-i.- _ :'

l; _.: 
.ì:

st¡o¡,t

(ksi. )

I nterference
(inch/inch)

Predi cted
Fatigue Life

(cycl es )

Actual Median
Fati gue L'ife

( cycì es )

9+9

9+9

10+10

10+10

i0+10

0.006

0.008

0.006

0.008 .

0.0i0

, I07

,1,07

x 1ob

x 106

tr

x 10'5

' 1.6 x 106

4.0 x i06

7 x1o5*

106

x 106

I nterpoì ated



l/...

predjcted a fatigue strength between 9 + 9 and 10 + 10 ksi. at about 4 x 106

cycles to failure as compared to 9 ! 9 ksi. found experimentalìy.

67.
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CHAPTER 6

SUMMARY AND CONCLUSIONS

6. t Summary

' The effect of interference on the fatigue strength of a dimpled
.; .1:

,;, loaded hole has been studied. The concept of an optimum interference fit i,,,..,:,,,

for a given loading of a component was examined by the apptication of;.1 . --'- --rr
:., . 

t 
tt ;'i various degrees of inter.ference for each stress level concerned. r:i::::::

6.2 Conclusions

The foliowing conclusions can be drawn:

1. Optimum interference enhances the dimplqd, loaded hole fatigue

strengthof2024-T3a]c]ad,a1uminum-al1oysheetunderzero-to-

tension loading.

?. For ihcreasing loads, optimum fatigue strength improvement requires

increasing i nterference.
',.t,. '.',' .

3. Fatigue strength improvements due to dimpling are reproducible. , 
,

. - ... :. 
.. .. .

4. The dimpled loaded-hole fatigue strength and/or life of z0à4-T3 "'i"'1
alclad alirminum alloy sheet may be reasonably predicted by the

. 
- --- -J

aforesaid technique for the cases of a push-fit and interference-

fit pin when considering nominal applied stresses where ho:le i-r:.:
rrq r syH ¡ lsu J[,t r:.:,.:.....-:.

elongation for the former.case is small and failures occur at

the hote boundary at or near the minimum net section.
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6..3 SuggeStions fof Furthêr;Stúdy

1. The interference-optimization testing for dimpled specimens at maximum

nominal stress levels of L8, 20 and 22 ksi. could be compìeted.

2. Similarly, interference-optimization testing couìd be extended to

undimpled specimens.

3. Dimpling could be extended .to other metals.

4. The effect of mean and alternating stresses on the fatigue strength

of unloaded and/or toaded holes could be investigated in order to

better envision the shape of the notched-specimen curve on Su-S*

coordi nates
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