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ABSTRACT

This thesis presents a new approach to improving the fatigue

strength of sheet and th'in plate materjal by edge treatment. The improve-

ment ís achieved by inducing compressive resjdual stresses along the edge.

The technique consists of creating mjsfit between a finìte portion of the

edge and the surround'ing material, thus resulting in a residual compres-

sion in the crìt'ical reg'ion to fat'igue. The parameters of the edge dimp'ling

procedure are optimized jn order to attain a useful condjtion of maximum

fatigue strength improvement wjth m'in'imum scatter of results.

To accurately assess the effect of edge dimpling on the fatigue

strength 'improvement the resultìng residual stress distrjbution is

determined. For this purpose, an analytic-numerical method is developed

in which an approximate procedure to determine the distribution of residual

deformation, based on jdealized stress-strain relations, is employed. The

finite element technique is used at some stage of the solution to deter-

mine the stress field produced by a system of body and boundary forces.

Final stresses are calculated for given dimpling parameters and material

propert'ies. For the necessary verification of the results of this analytic-

numerical method an experimental investigation of residual stresses due

to edge d'impling 'is conducted. For this purpose a modified hole-dri1l'ing

technique is developed wh"ich eliminates the maior disadvantages associated

with the conventional hole-driì1ing procedure. Prelìm'inary experiments on

aluminum alloy sheet specìmens show that the modifìed technique can yield
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measurements within +5 percent accuracy. The modified technique is

empìoyed to measure the average residual stresses in edge dimpìed

specimens. The results are found to be Ìn good agreement with those

obtained by the anaìytic-numerjcal technique.

An experimental fatigue testing program is conducted usìng

2024-T3 aluminum alloy notched sheet specimens. The study of results

backed by extensive statistical analysìs of data, indicates a fat'igue

strength improvement of approximately i00 percent at one million stress-

cyc'les to failure. The fatigue strength redugtion factoris almost halved

at the same life. Further fatigue testing of dimpled-pre'loaded-notched

spec'imens indicates that pre'loading does not s'ignifjcantly influence

the level of fatjgue strength improvement obtained by edge dimp'ling.

An attempt is made to correlate the strength improvement with

the residual stress. A procedure is developed for predictìng the S-N

curve for dimpìed-notched spec'imens. The predìctions are based on the

fact that residual stress at the stress raiser lowers the actual stress-

concentratjon effect and subsequently lowers the effective fatigue strength

reduction factor. Predictions are determined from the S-N data for plain

material, the geometry of and the residual stress at the notch or the

stress concentrator. Good correlation is shown between the measured

residual stress and fatigue strength for the 20?4-T3 edge-dimpled

specimens.
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NOMENCLATURE

A = statistical parameter, psj (MPa)

a = material notch alleviation factor, ¡n1/2 fu^1/2,

B - stat'istjcal parameter, k'ilocycìes (kc)

8.. = body force j n the x di recti on, 1 b.( kg)
X

2b = span of dimpling apparatus, ìn.(mm)

C - centre di s tance , 'i n . (mm )

Cd = dri l'l ì ng cl earance, j n. (mm)

Cå = corrected dri I i ì ng cl earance, ì n. (mm)

d - hole s-tze, tn. (mm)

d = dìmpl'ing ram movement, in.(mm)

d' = effective dimpl ì ng ram movement, i n. (mm)

E - modulous of elasticìty, psi (MPa)

E' = plastìc modujous, psj (MPa)

f = empirical material constant, dimensionless

GL = gage I ength of stra'in gage, 'in. (mm)

K - dimpl i ng constant, dimensi onl ess

K' = djmpling constant at a dìstance y from the plate edge,

d'imensionl ess

Kr = FSRF (Fatigue Strength Reduction Factor) G 
.l07 

cycles,

dimensionless

Ki = FSRF for dimpled notched specimens @ 107 cycles,

dimensionless
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Kf(N) = FSRF @ N kc, d'imensionless

Ki(N) = FSRF for dimpled notched specìmens G N kc, djmensionless

K.(l,O ) = radial relaxat'ion coefficient, dimensionless

K- (r ,0 ) = tangenti aì rel axation coeffi cjent, d'imensi onl ess
0

Kt = theoretical stress concentrat'ion factor, djmensionless

Ki = effect'ive theoretical stress concentration factor'

d'imens i onl ess

m = statistical parameter, d'imensionless

N = fati gue 'l i fe, kc

n*(V),Rr(V) = boundary pressures in the x and y djrections; respectìvely,

ps'i (MPa)

q = notch sensi tìvi ty, djmensionl ess

RU = dimpl 'i ng-span rati o , dimensionl ess

nO(V) = d'impl'ing-span ratjo at a distance y, d'imens'ionless

oo, = prestress rati o = pre'load rat j o, d'imensi onl ess

Rt = dimpl i ng-thi ckness rati o , d'imensi onl ess

r = distance from hole centre to strain gage centre, in.(mm)

F1 'f2'f3 = rad'ii of d'impling ram, fìllets, and upward curvature of

the dìmpìing ram; respectively, ìn.(mm)

S - fatigue strength of notched specìmens, psi (MPa)

S' = fatigue strength of dimpled notched specimens @ 107 cycles,

psi (MPa)

S^ = fat'igue strength at a large number of cycles to failure
e

(usuallY 5x'108 cYcles), Psi (MPa)
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S*u* = maximum fatigue stress, PSi (MPa)

S^ = fatigue strength of plain specimens, psì (MPa)p-
S = ultimate tensiìe strength, psi (MPa)

u

t - material th jckness, 'in. (mm)

y - = maximum contact di stance duri ng dìmpf i ng , i n. (mm)
" max

"(f) = rat'io of relaxation coefficients, dimensionless

ß = biaxiality ratio, dimensionless

y = Bauschinger effect parameter, dimensionìess,
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n(V) = correctjon factor for RO and K, dimens'ionless

6 -signoPerator=*l

e = strain, in./in. (m/m)
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ç -ç, = relaxat'ion stra'in in the radial and tangential directions;-Rr'"Ro

res pecti ve1 Y

,Rx,rRy = net relaxation strain in the x and y directjons,

res pecti vel y

,T = total stra'in relaxation as measured

e = relaxation strain component due to machining stresses
m

,p = relaxation straìn component due to localized yjeld'ing

,r,r0 = radial and tangent'ial strains in the vic'injty of the

drilled hole

ro.eo = residual strajns due to dimpfing, jn the x and y directions
x- y

resPecti velY
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ri,rå = radjal and tangential strains in a uniform stress field

ã(V) = average dimpìing straìn at a distance y from the edge

r^ = characteristjc parameter : average edge dìmplìng strajn
e

(aty=0)

Âe = strain relaxation due to unclampìng

ae..,ae . changes in stra jn 'in the x and y d'irectjons, respectìvelyx- y

o - angle, radians

À - parameter defined by d/r, dimensjonless

v = Po'isson's ratio of the material , dimensionless
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o = nominal stress
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Ao..,Ao. chanqes jn o., and o.., respectiveìy-x' y y'
o.l = remaining residual stress in the x direction
^

Ao' = chanqe in o'X"X
o'l: = stress component whi ch 'is not measured

X

o
vp

oo

= yìe1d strength of the material

= maximum possible residual stress in an elemental strìp

in the x d'irection



X'I X

"|s{*,r),olt(x,y),"1;(x,y) = total residual stress

"ltrl,"j{v) = components of resìdual stress due to the

first step of solut'ion
IL ' II/ \ iL \oi'(x,y),o; (x,y),"*i(x,Y) = components of res'idual stress due to the

second step of sol utjon .wh'ich are

determ'ined by numeri cal technì que



CHAPTTR 1

1. i INTRODUCTION

Fatigue in metals is known to have two characteristics. The first

is its surface nature; in most cases, fatigue cracks injtiate at the

exposed surface of the material. The exposed surfaces are inherentìy

weaker than the interior graìns that are confìned by bonds with adioining

grains. Sìnes tll explains the surface weakness by comparing plain and

surface treated (shot-peened) spec'imens. All fjbers are subiected

to the same imposed stresses and yet an improvement is obtained; there-

fore, "the jnterior grains must have been much stronger than the surface

to account for the increased strength". The second characteristic of

fatigue is its tensjle nature; fatigue cracks propagate into the material

under tensile stresses.

In sheet material, thin plates or components with small thickness

compared to surface area, the likeliest region to fat'igue is the edge.

The absence of edges in round bar material may explain why'it has a some-

what higher fatìgue resistance than sheets of the same material l2l. The

additional presence of geometrjcal concentratjons at the edge of a plate'

due to cuts, notches, curvatures or openings, t^l'ill greatly aggravate the

fatigue situation. The fatigue cracks, 'initiating at the surface or

edge of the stress concentration configuration will propagate upon the

app'licatìon of normal tensile fatigue loads.



In such cases fat'igue strength (or'ì'ife) may be enhanced by the

introduction of residual compressive stresses. These stresses will

improve the fatigue resistance through:

1. lowering the actual stress concentration effect, thus deiaying

crack initjat'ion; and

2. reducing the effective tensile stresses at the critical region,

thus slowing the rate of crack propagation.

Therefore, the overall strength of the structure may be 'increased

by ìmproving the detailed fat'igue resìstance at free edges or where high

stress concentrations exist. If the weak poìnts of the structure are

strengthened, a condition of uniform fatigue resistance could poss'ib'ly

be approached. Theoretica'11y, this condition of uniformity corresponds

to the optinrum use of material where all l'inks of the chain have the

same strength.

1..2 STATEMENT OF PROBLEM

This thesjs introduces a new method of improvìng the fatigue

res'istance of sheet and th'in p'late material by edge treatment. This

treatnrent is useful in cases of p'lates with 'large scale geometrica'l

stress concentratìons. Most structures, and particularly aircraft

structures, are made up of a large number of such functjonal'ly necessary

concentrations. Typical examp'les are an unstressed access door opening

into a wìng structure as shown in Figure 1.1, pane'ls of window doublers

in aìrcraft and other similar appìjcations.
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i.3 SCOPE OF THISiS PRESENTATiON

The thesis'is divided into s'ix chapters.

Chapter 1 is an jntroduction to the prob'lem of fatigue at stress

concentrations ín sheet and thin plate materials and how to ìmprove the'ir

fatigue resjstance by 'inducing residual stresses

Chapter 2 is a review of previous work on bhe influence of

residual stresses on fatigue and the various techniques of inducing such

stresses i n the cri ti cal reg'ions .

Chapter 3 includes a descriptÍon of the new techn'ique of edge

treatment by edge dìmpì'ing and g'ives definitjons of the associated

parameters.

Chapter 4 presents an analytic determination of residual stresses

'i n edg e d'imp'l ed s pec i men s .

Chapter 5 describes the experimental measurement of residual

stresses and a modified hole-driììing techn'ique is outlined.

Chapter 6 is devoted to a descriptìon of the experimental fatigue

testjng program whìch was carried out to assess the effect of edge

d'impling on fatigue strength of aluminum al'loy spec'imens. An attempt'is

made to correlate the fatigue strength ìmprovement with the residual

stresses at the cri ti cal reg'ion .

Chapter 7 is the summary, conclusions and recommendat'ions for

further study.

A bibliography is presented at the conclusion of the thesjs.

Appendix A presents detailed statistical analysìs of the results of

fatigue testing.



CIIAPTER 2

REVIEI^J OF LITERATURT ON FATIGUE AND RESiDUAL STRESS

2. i INTRODUCTION

Residual stresses are those which remain'in a body (or mating

bodies) in the absence of any external load or constraint. From the early

beg'inning of fatigue studies resjdual stresses have been associated with

fatigue failures. In 1946, Norton et al. t4l made the following statement

concerning the state of understanding of the exact role of residual stress

ìn fatigue.

"Despite extensive research, the influence of residual stress on

the fatigue behaviour of metal parts in general and welded joints jn

part'icular still remains one of the most controversial engineering problenrs

of today. Most of the work done'in welding seems to indicate that the

residual stress has little or no influence on the fatigue perfonmance of

welded joìnts. 0n the other hand, there is strong feel'ing among many

'investigators that resjdual compressive stress has much to do with the

ìmprovement of the fatigue behav'iour of metal parts,...."

Since then, several investigat'ions on the relation between resjdual

stress and fat'igue have followed, and it is now established that, in
general, residual compressìve stresses exert a favourable 'influence on

fatìgue strength whjle residual tensìle stresses have a detrìmental effect.

Exceptions, however, may occur depend'ing on the nature of the stresses and

the loading, An examp'le of this will be shown in the discussion on inter-

ference stresses in Section 2.3.



Residual stresses may result from certajn manufacturìng processes

such as metal forming, machinìng, welding, casting or assenrb'lìng. Such

res'idual stresses are the fortujtous products of manufacturing processes

and their influence on fatigue may or may not be favourable dependìng on

their distributjon and the nature of the service loading.

0n the other hand, residual stresses may be intentionalìy induced

to improve the fatìgue resistance of metals. The following sections include

a critjcal review of the Iiterature pertainìng to "jntentional" residual

s tres s es i n rel ati on to fat'i gue .

2.2 RESIDUAL STRTSSTS AND FATIGUE

Residual stresses may be used to ìmprove the fatigue resjstance of

metal s . The cond j ti ons 'in the criti cal regì ons are anrel i orated by one of

two basic methods:

i. reduction in alternating stress

2. reduction in mean stress.

These are jllustrated in Figure 2.1 by means of the modified Goodman dia-

gram t5l. in the first method, going from point A of life N, to point B

of hjgher ì'ife lrl' the improvement is achieved by lowering the aìternating

stress while the nraximum stress ìs kept essentialìy unchanged. Meanwhile,

the same ìmprovement in fatigue life could be achieved by lowerjng the mean

stress whjle the alternating stress is kept unchanged, i,e., going from

po.int A to poìnt C of ìife N, in the fìgure. The various residual stress

techniques may be classjfjed into one of these two categories. The mech-

an'isms associated wjth the above will be discussed in the subsequent

secti ons .
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2.3 FATIGUE IMPROVEMENT BY REDUCiNG ALTERNATING STRESS

Techniques of this category utilize the high residual stresses at

the hole edge, caused by'interference fits, to lower the alternatìng

stress range while nlaìntain'ing the maximum stress at essentialìy the same

level , thus resultìng 'in an increase jn the fatigue life. It 'is 'interest-

ing to note that although the residual stress in the critical reg'ion ìs

tensile, considerable'improvement ìn the fatigue life could be obtained.

Sm'ith 16l investigated the effect of pressed in bushing inter-

ference on fat'igue life of 7075-16 alumjnum ìugs. His results indjcate

that there is an optìmum interference fit to give the gre.atest fatigue

ljfe jmprovement. He later experìnrented on taper p'in interference l7l

and reported sjmilar trends of ìnrprovement in the short cycìe fat'igue

range up to 100 kilocycles.

In 1963, Mittenberg and Beall t8l experimented on pin-'loaded lug

jojnts wjth different values of interference. They studied the effect of

interference and bolt torque on fatigue strength and observed that the

marked strength improvement at high p'in jnterference values is accompanied

by iarge scatter and possjble damage of pin holes durjng assembling.

Lìgenza t9l conducted photoelastic studjes on pjn loaded holes

with different amounts of jnterference. His results, as shown jn

F'igure 2.2, confirnl that the max'imum cycl ic stress in the crit'ical section

ìs slightly reduced at high interferences while the nlinimum stress is

considerably'increased resulting in a major contribution to fatìgue

ìmprovement.
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Furthermore, 'it has been confirmed anaìytìcally by Koplik and

Klassen Ii0] that inserts with opt'imum interference can be used to reduce

the stress concentration and alternatjng stress range around holes in

pl ates .

?.4 FATIGUE IMPROVTMENT BY REDUCING MEAN STRESS

Techniques of this category utilize residual compressive stresses

which may have djfferent orig'ins: thermal, metallurgìca1 and mechanical.

In the following sections techn'iques employìng these sources of residual

stress wi I I be dì scussed.

2.4.1 THERMAL TECHNIpUES

The sudden application of steep temperature gradients can produce

h'igh ìevels of resìdual compressive surface stress and, hence, provìde

for reduced crit'ical mean stress in load applications. A good example

of pure thermal effects, i.e., ho transformation, js demonstrated by Lee

and Rogers l11l'in the production of toughened g'lass (although not gener-

a'lly associated with fat'igue). The sudden cooling of glass surfaces leads

to a non-uniform thermal contract'ion and tensile stresses at the surfaces.

These stresses cause viscoelast'ic flow jn the hot internal regions. This

'internal deformation becomes "frozen in" when the temperature falIs to

normal, and in turn causes residual compress'ion at the surfaces.

In crystallìne materials (meta'ls and alìoys) resjdual stresses

resultìng from sudden cooljng of a body are generated jn the same manner.
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The princtìpal difference is that the pure thermal effects may or may not

be accompanied by other metal'lurg'ica'l changes in the structure due to h.igh

temperatures.

In 1966, Rathbun and Coffin [12] performed experiments on AISI-3i6

stainless steel plates which experiences no phase transformation. pure

thermal residual stresses of up to 36 ks'i were produced at the surface.

If the heating is performed with a very high intensity and in a

very short period of time it is known as,'thermal shocking',. Hsu ti3]
applied the laser beam thermal shock technique to generate resjdual

compressive stresses around holes in ?024-T3 alum'inum alloy specimens.

This was done by thermal shocking a concentrjc annular area. The theo-

retical solution of the stress field introduced by thermal shock was

reported by Hsu and Trasi Ii4]. Their anaìyticaì results indicate a

residual tangentia'l compressive stress at the hoìe edge of 0.2 of the

yield strength of the materjal. This compression is balanced by relative'ly

high tensile stresses, in the interior region, ranging from 0.4 to more

than 0.8 of the yield strength.

2.4.2 METALLURGTCAL TECHNIQUES

Metallurg'ical sources of residual stresses include both phase

transformation and surface absorption. To dist'inguish between thermal

and phase transformation effects consider, for instance, steel. The

heating of steel, in genera'l, to a temperature above the lower critjcal
point followed by rapid cooling from the austen'ite region to room

temperature results jn the transformation of austenite to martensite and,
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hence, jn an apprec'iable 'increase in volume, Thus, ìf heating was

restricted to the surface the volume of the surface layers w'il'l increase.

The sudden cooìing (quenchìng) of the hot surfaces wìll freeze the marten-

site in the surface layers result'ing in high residual surface compression.

In this case both transformation and thermal residual stresses occur.

l^Jhile if the temperature js kept below the lower crjtical value only

thermal residual stresses are possib'le t151.

Weiner and Huddleston Ii6] made an ana'lytìca1 study of the residual

stresses jn heat treated cyìinders. In their analysis, they included the

phase transformation effect as an equ'iva'lent temperature.change, for both

result jn similar volume dilatation. Their nesults are ín good agreement

with experimental results presented by Bühler and Scheil t17l for resìdual

stresses in water-quenched solid cylinders.

A year later, Landau and Zwìcky [18] studied the varjous factors

affecting residuaì stresses ìn quenched cy'linders. They used the same

anaìogy of phase transformation and temperature change and found that

"the length of transformatjon jnterval had a sìgnìficant effect on the

calculated stress near the cyl'inder centre, but much less effect on the

values near the surface."

2.4.3 MTCHANTCAL TECHNIQUTS

Residual compressivestresses may be induced by mechan'ical means.

Several techniques have been used such as: (i) overloading, (ii) shot-

peenjng and strain'peenìng, (iji ) coining and (iv) dìnpling.
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( j) 0ver"l oad'ing Techniques

Prior tensìle ovenloading produces residual compressive stresses

at sect'ions with stress rajsers such as notches, and leads to an ìmprove-

ment in fatjgue strength only when the overload and the fatigue mean load

are app'ljed jn the same direct'ion. The effect of prior overloading on

the resulting stress distributjon jn a typ'ical notched part ìs illustrated

by Heywood ligl as shown 'in Figure 2,3. The jnfluence of prìor overloads

(preloads) on fatjgue strength has been examined by several investigators

and some of thejr results are gìven in Table 2.L

Heywood l24l has shown that periodic overloads pt'oduce greater

improvements jn fatìgue strength than sìng'le or repeated overloads prior

to fatìgue cyc'lìng. He found that the benefjcjal effect is smaller when

the fatigue stresses are comparatively h'igh. He attributed this reduction

to the progressìve loss or "fading" of residual stresses during the fat'igue

test. However, the fading effect was counteracted by periodic overloadìng

to restore the orìgìnal level of residual stress. Alternatively, fatigue

cracks may form durìng the ear'ly stages of a fatigue test, and the sub-

sequent applìcation of a h'igh load mìght produce resjdual stresses at the

crack extremities, thus preventìng or retard'ing further progression.

Vitovec[25] jnvestigated the effect of prestrain'ing of notched

and unnotched specimens made of different materials on their fatigue

res'istance. He found the effect of strajn hardenìng to be of secondary

importance compared to the effect of residual stress. He also indicated

that, at high prestress levejs, cracks were deve'loped jn some cases along
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the cjrcumference of the root of the notch, but due to the high compress'ive

resìdual stress acting on the crack the fat'igue strength, apparentl¡, was

not affected, He also concluded that "the volume of material in which

the crjtical residual stress occurs seems to affect sìgnificantly the

relaxat'ion mechanism and thus 'influences the effect of residual stress

on fatigue behavjour."

( j 'i ) Shot-peeni nq and Strai n-peeni nq

Shot peenjng is one of the most effective and widely used tech-

nìques to improve fatigue stnength by inducing residua'l compress'ive

stresses. It is accomplíshed by impìng'ing the surface with round shot

which is directed on to the work at high velocity by means of an air

blast or centrjfuga'l wheel. Surface res'idual compressive stresses due

to shot peening range from 60 to 150 ksi, depending on the conditions of

peenìng and the nraterials being treated.

Taira and Murakanri l23l conducted fatigue tests on shot peened

medjum carbon steel. In their analysis, they define the factors affecting

fatigue strength as the work hardenìng at and near the surface and the

favourable residual stress, on one hand, and the jndentation produced

by shot ìnrpact as a notch effect, on the other hand. However, the com-

bjned effect amounts to an improvement jn the fatigue'limjt of about 26

percent of which onìy 62 percent or less was contributed by residuaì

compressjve stress of approximateìy 46 kg/mn? (65 ksj).

In 1968, tsquìveì and Evans 126l investigated the resÌdual stress

distribution in shot peened AISI 4130 steel. They found that residual
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compressive stresses were produced in a thìn layer of 0,014-in. deep and

exhibit a smal'l negatìve stress gradient at the surface, Subsequent

fatigue cycling reduced the magnitude of residual compressjon at the

surface from 90 ks j to approxrìmately 60 ksi af ter 100 k'iì ocycì es . They

suggest that "a d'irect correlation exjsts between res'idual stress relaxa-

tion at the surface and the residual stress gradient."

In i973, Bogs and Byrne l27l studied the stability of residual

stresses in shot peened alioys. They observed that residual stresses

were stable'in low stackìng fault energy alìoys whjle decay was observed

in high stackjng fault energy alìoys. Thjs was attributed to the greater

ease of dìslocatjon motion particu'larly as the cyclic stress exceeded the

yield stress of the material.

Strajn peen'ing, shot peenìng of a surface of a specimen while it
is under tensjle strajn, was first recommended by Straub and May t28l.

This treatment results jn higher residual compressive stress at the

surface and 'is more beneficial jn fatigue strengtheníng. Fuchs l29l

indicates a residual stress of 130 percent over shot peen'ing for steel

specìmens peened under 0.54 percent strain. Mattson and Roberts t30l

studied the fatigue strength 'improvement caused by strain peening and

reported an additjonal fatigue strength improvement of up to 50 percent.

(iii) Coining Techniques

s tres s es

p ropos ed

Coinjng is a mechanical method for inducjng residual compressìve

by compression y'ie'ldìng of the material. In 1961, Phi'llips [31]

coìnjng as a means of sìgnificantly ìmproving fat'igue life of
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structuraì components wjthout adding additjonal weight and without

necessritating major design changes. In Phil lips I experìments, coining

was done by pressing a concentr"ic groove around the openìng to be protected.

He observed that there is an optimum groove depth and location for greatest

gatìgue ìmprovement. Deeper grooves may cause internal shear crackìng

and, subsequent'ly, a loss of the fatigue strength. No influence was

found of delay in testing of coined spec'imens.

Two years later, Wha'ley l32l exam'ined the effect of various tech-

niques of co'inìng using conìcaì and ring shaped dies. Experiments con-

ducted on 7075-T651 aluminum a'l1oy specimens confirmed the results of

Phjll'ips and further indicated the superìority of cojn'ing both sides of

the specimen. He found that fatigue life increased rapìdìy wjth increasing

depth of penetratíon of a ring type die but tended to reach an optimum

when the jn'itjatjon of the crack moved from the coined area to the edge

of the p'late. This trend is illustrated in Figure 2.4.

In 1964, Kasgard et al. t33l conducted an exploratory study on

optimìzìng the coìning technique. They obtained measurements of the

residual stress distribution for different co'ining loads and coining rìng

diameters. They defined the optimum coinìng as that which has a residual

stress level such that the resultant stress at the hoìe edge would be

reduced to the nominal stress of the specimen. The'ir ana'lys'is was

suppìemented by favourable fatigue test'ing results.

Latelin 1970, Speakman [3a] reported the development of new coin-

ìng techniques known as: radjus stress coining, pad stress coin'ing and

stress coin hole expansion. These techniques are illustrated jn Fìgure 2.5.
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The frìrst technique cold works a highly pol'ished 0.030-'in, radius arounct

the edges of the stress concentìator, whìle the second is compìeted by

forming an'impression, approximateìy 0.004-in, deep, ìn the surface

material surrounding the hole or slot. Both techniques are adequate for
thicknesses of up to 0.182 in. (4.6 mm.). In thjcker materials of up

to 5'in., the third technique is used for additional treatment for the

holes in whìch they are expanded to size by a lubricated expanding pìn.

These coin'ing techniques are shown to improve the fatigue life of test

specìmens for various aricraft materjals by a factor of approximateìy

four.

Sm'ith l35l suggested that if it were possible to have a combjna-

tion of coining and interference fit, a subsequent jncrease ìn fatìgue

resistance could be obtajned. Aìthough there is no experimenta'ì evidence

of this benefit, coining has been used'in conjunctjon with low interference

fits only for practìcaì reasons t3l.
It should be mentioned that Phil1ìps l31l conducted comparative

fatigue tests on spec'imens which were v-notched and edge-roì'l coined

versus unco'ined specimens. Hjs results are reproduced in Tabl e 2.2. To

the authorrs knowledge, no further work on edge coining has been conducted

sjnce then except for some practìcal applications as indìcated by

Speakman [36].

(iv) D'impling Technique

Dìmp'l'ing'is a mechanical method for creating residua'l compressìve

stress by bulge-stretch'ing and subsequent flattenìng of sheet material.
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Table 2.2

Fatigue Testing Resuìts of 7075-16 Aluminum Al1oy,

Edge Roìl Grooved and V-Notched Specimens [31]

Axial Tension Fat'igue R = +0.2

Life ratio of grooved to ungrooved.

Materi al
Thi c knes s

Groove
Condi ti on

V-notched
before or

after grooving

Maxi mum

Stress,
Ksi

*
Li fe ratio

102" Bare

I02" Bare

I02" Bare

one side

one side

both sides

before

after

before

20

20

25

>7

>20

>450

.062" Alclad

.062" Alclad

one side

both sides

before

before

20

20

>84

>82
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Although a form of dinpl'i.ng has b.een used ìn association with riveted

connections [6], the i.ntent was at permìttìng one flat surface in a thjn

plate'lap joint using flat head rjvets. Recently, Shewchuk and Roberts t37l

developed a new method calied d'impling for creating favourable resjdual

compressjve stresses in the vjcjnity of loaded holes. The techn'ique, as

shown in F'igure 2.6, consists of dìmp'l'ing the material centering about

the intended hole location, thus produc'ing tens'iìe plastjc strain. The

d'impìe is then flattened and the hole drilled so that the reg'ion around

the hole is jn residual compressìon. They conducted experiments on 2024-T3

al umi num al 1oy spec'imens whi ch j nd'icated that the fatì gue strength of

loaded holes'improved by a factor of nearly three at one mjllion cycles

to failure. The correspondìng residual stress was measured to be close

to -27 ksi or approxinrately 60 percent of the yield strength of the

nrateniaI.

Shewchuk [38] investigated the effect of dimp'ìing on the fatìgue

strength of unloaded holes. H'is experiments on 0.050-in. (I.27 mm) thick

2024-T3 alclad alumìnum alloy specimens show that the fatigue strength

reduction factor is reduced by dimpì'ing by 36 percent for one mjllion

cyc'les to fai I ure.

In 1976, Kuc and Shewchuk t39l reported on the effects of combined

concentric dìmpì'ing and interference fits on the fatjgue strength of loaded

holes. Their experiments, on ?024-T3 alum'inum aììoy specimens, 'indicate

considerable ìmprovements due to the unloading effect of interference ìn

addition to the residual compression induced by concentric dimp'ì'ing.
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2.5 SUMMARY

It has genera'lìy been' recognìzed that resjdual compression exerts

a favourable influence on fatigue strength while residual tension has a

detrimental effect. Residual stresses may resuìt as a by-product of

manufacturing operatíons or may intentiona'lly be induced by several

methods. These methods may be classifjed as: thermal, metallurgìca1 and

mechanical. Thermal techniques usually over'lap with metal'lurgical tech-

n'iques as thermal effects may 'induce mìcrostructural changes. Mechanical

techniques are, ìn fact, the most desirable as they are capable of induc'ing

residual compression in a larger volume of the material. . Djmpl'ing of

sheet material appears to be the nrost effectjve mechanical method due to

the deep residual compress'ive stresses. The overloadìng technique prov'ides

a sìmple method of study'ing the effects of residual stress on fatigue

behaviour of materjals. It has been found from the survey that edge

treatment of p'late materjal has not been gìven adequate consìderatjon as

a potentì aì techni que forimprov'ing fat'igue strength . Therefore, a new

technique for fatigue strength ìmprovement by edge treatment will be

descri bed 'in the fol I owi ng chapter.



27

CHAPTER 3

FATIGUI STRTNGTH iI,{PROVEMENT BY EDGT TREATMENT

3. i INTRODUCTTON

Fat'igue strength of plates may be enhanced by placìng the edge

region into a state of residual cornpression. In thjs chapter, a new

method of edge treatment, in whjch residual stresses are mechanically

induced in a l'imjted portion of the free edge, js considered. This

method, calìed "edge d'impling," is described and the various parameters

of the method are defined and related to the residual stress.

3.2 THE EDGE DIMPLING TECHNIQUE

3.2.1 DTSCRIPTION

Edge dimpl ì ng i s a mechan'ical method of produc'ing a control I abl e

gradient of residual stress'in a finite length of the free edge of sheet

metallic materials. The procedure of edge dimpling is illustrated in

Figure 3.1. It consists of firmly clamping the plate around the area to

be treated to restrict slip during subsequent dimpì'ing, as shown in

F'igure 3.1(a). Then the area is "dimpìed" or stretched by movìng the

ram to a precalculated depth resulting in the d'imple as shown in

F'igure 3.1(b). Finaì'ly, the dÍmple is flattened to its orig'inal flat
shape prov'ided that the flattening ram moves a distinct distance beyond

the initial position to compensate for the elastic springback, as illus-
trated in Figures 3.1(c) and (d). The resulting stress distribution, in
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the clamped state, as shown in F-igure 3.1(e), is referred to as the

maxjmum possìble residual stress and wjll be denoted by MpRS. it js a

function of the various dìmp'ling parameters which will be defìned in

Sec. 3.2.2. þJhen the clamps are released, the resjdual stress partìy

relaxes and redistributes in the nature shown in Fjgure 3.1(f). The

amount of relaxatjon, for a given material, is a function of the shape

and dimensions of the und'impled region of the plate as compared to those

of the dimpled region.

The process of edge dimplìng is accompanied by a secondary effect
of bending which is undesirable for two reasons:

1. The pìastic strain, and consequently the stress, throughout the

thickness will be non-uniform. This requ'ires three dimensional

stress analysis and, as a result, the determ'ination of residual

stresses becomes more complicated.

2. The effective value of residual stress, which is the minimum

value of the distribution throughout the thìckness, will be

lowered. Hence: a lower fatigue strength improvement wjll
have to be expected. This effect becomes more pronounced as

the material thickness increases.

The effect of bending may qual'itati ve'ry be i I I ustrated by con-

sidering an elemental strìp a]ong the edge of the dimp'le area, as shown

in Figure 3.2. For this qualjtative illustration the Bauschinger effect

wjll be neglected. Subscripts 0, 1, and 2 designate edge points on the

neutral axis, the concave sjde in contact wjth the ram and the convex

side of the specimen respectively. The strain distribution due to bend'ing
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'is superimposed on the uniforn stretch of the element, Therefore,

po'ints 40,41, and A2 on the stress strain curve define the state of

stress and strain after stretch'ing. Subsequent flattening yìelds the

state given by points 80, 81, and 82 whjch g'ive the values of the MPRS

at points 0, 1, and 2, respectìvely. The final state of stress after

uncìamping'is determined by the amount of relaxation at each point due

to elastic sprìngback. For uniform relaxation throught the thickness, ae,

the final state of residual stress is determ'ined by points C0, Cl, and CZ.

It can be seen that the effective value of res'idual compressìon, given

by o.1, is considerably lower than oO and or. It can also be seen that

if the relaxation stra'in jncreases, the effective value of resìdual stress

drops rapìd]y, and greater relaxatjon may result in resjdual tension at

the concave sjde of the d'impìe. In the latter case the effect will be

detrimental to fatigue strengthening.

The effect of bendìng decreases gradually as the amount of

stretching ìncreases. 0n the other hand, for small amounts of stretching,

poìnt 1 on the concave sìde may not experience any plasticìty. Therefore,

a situation of zero residual stress at one side and high residual com-

pression on the other will cause the strip to bend to achjeve a balance

of stresses. This rvill greatìy lower the effect of res'idual compressìon.

The bending effect may be made negligìbìe by further dìmpling the

elemental strip in the opposite djrection. This treatment is applicable

to the whole edge d'imp'le reg'ion as well and wjll be called the reversed

edge d'imp'ling procedure. This reversed procedure is illustrated in

Figure 3.3 as appìied to the elemental strip examp'le. A point on the

concave side during the first dìmpìe will be on the convex side during
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the second dimpìe, and vice versa. The immediate result of the reversal

of dimp'lìng is to raise the lowest res'idual stress o, to a val ue closer

to oO and o, thus ensurìng a higher effectìve residual compression and a

more uniform residual stress distribut'ion throught the th'ickness.' It can

be seen that the reversed edge dìmp'ling procedure results in an effective

residual stress wh'ich is closer to the mid-thickness residual stress.

This is an advantage to the anaìysis as the mid-thickness residual stress

may be used and the bending effects may, therefore, be negìected. Hence-

forth, the term edge dìmplìng w'i1'l impìy reversed edge dìmpf ing.

3.2.? DIMPLING APPARATUS

In order to perform the edge dimpììng process described ìn the

precedìng sect'ion a specìaì dimpling apparatus was designed and used.

The djmpling apparatus is ullustrated in Figure 3.4. It consjsts of a

base (1) on whjch the clamping jaws are constructed: a fixed iaw (2) and

a movable jaw (¡). The movable jaw may be tilted to permìt the jnsertion

of the specimen (4). The latter is located'in position with an adiustable

locator (5) and then clamped fìrm1y by tighten'ing the cìamping screws (6).

The apparatus is equipped with two contoured dìmp'ling heads (7) that are

replaceab'le. The heads are carried on a saddle (8) which is mounted on

the dimp'l'ing ram (9). The ram slides in a T-slot cut in the base of the

apparatus. The ran movement is performed with an operating handle (10)

and the l'imits of the ram travel are controlled by two set-up screlvs (1i)

at both ends. The movement may also be monjtored by an indìcator and

scale (12).
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The steps of edge dimpf ing are

series of photographs which were taken

jaw removed.

3,2.3 DIMPLING PARAMETERS

dimpl ìng-span ratio, Rb, which

movment, d, to the span of the

RO = d/Zb

i I I ustrated i n F'igure 3.5 by a

after each step with the movable

ìs the ratio of the extent of

dìmple area, 2b;

The residual stress induced by edge d'imp'l'ing ìs determjned by two

major factors. The first is the geometry of the djmplìng apparatus and

the extent of dìmpìing which determ'ine the state of residual stress'in a

clamped specimen, i.e., the MPRS. The second is the amount of relaxation

and redistrjbutjon of stress which takes place upon unclamping the specì-

men. This is a functjon of the relative shape and dimensions of the

dimple area and the surrounding materiaì that act as a constra'int for

relaxation of residual stresses. If the MPRS distribut'ion in the dimp'led

area js known it is possible to determine the final residual stresses for

a given geometry and dintensions. in thjs section the various parameters

wh'ich characterize the edge dimp'ling procedure and determine the MPRS

wil I be def ined and the consti tuent rel ati ons of edge dinrpì i ng w'i l1 be

determi ned.

The bas'ic non-d jmens'ional parameters are def i ned as fol I ows:

i. The d'imp'ling-thickness ratio, Rt, wh jch is the rat jo of the extent

of ram movement, d, to the material thìckness, t;
R, = dlt

T
3.1

ii. The

ram

J.L
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strai ghtenì ng.

d.

Figure 3.5 Illustrat'ion of the steps of edge dìmplìng.
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The¡s¡6¡s, the two d'implìng rat'ios are related by

Rt = (Zblt).Ru 3.3

i ii. The dinrpì ìng constant, K, which relates the dimensjons of the

dimpling apparatus and the material thickness;

( = ("1 * r, + t)/Zb 3.4

where, 11 is the radius of dimpìing ram, and

r, is the radius of all fillets of the c'lamping jaws.

iv. The average (mid-thìckness) edge strain, ãe; wh'ich js the maximum

sbrain of the edge after stretchìng. It ìs a geornetric parameter

ìndependent of the material properties.

The average edge strajn may be determjned jn terms of the other

parameters as follows. l,jith reference to Figure 3.6, the mid-thickness

length of half span, b, becomes b + Ab after stretchìng. That is

b+^b = ÁÈ*eC*6
= [(Yt+ t/2).0]

+ [b.seco - (rt + rZ + t).tano]

+ I (rz + t/2) .e)

= b.seco + ("1 * rz + t).(o - tano) ¡.s

Therefore, the average stra'in over b will be

'e = ab/b (seco - 1) + [(r1 + 
"Z 

* t)t07.(o - tano) 3.6

Substituting K from Equat'ion 3.4 into Equation 3.6:

% = (seco-1)+TK(o-tano) S.Z
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Now, the angìe 0 nay be found in terms of the dimpling paraneters as

fol I or,ls :

d- 4gr+gE+ciD

= l(rr* t/2)(t - coso)l

+ [b.tano - (rt * ,Z * t).sjno.tano]

+ [(r2 + t/2)(1 - coso)]

= (r1 * ,z t)(1 - seco) + b.tano 3.8

substituting Equation 3.8 into Equat'ion 3.2, and usìng Equat'ion 3.4, we

obtain:

Rn = 1 2 tano - K. (seco - 1) 3.9

Therefore, the relation between the average edge strain and other d'impl'ing

parameters may be found from Equations 3.7 and 3.9. There is no sìmp1e

relation between the dimpling parameters except for the case when K + 0.

In this case the span of dimpling becomes much greater than the other

dimensions and Equations 3.7 and 3.9 may be reduced to one equation

-1 3. 10

subst'itutì ng for val ues of o 'in Equation 3.7 and 3.9 the rel ati ons

between ã. and RO are determined for different values of K as p'lotted in

F'igure 3.7. It is evident that for a given dimpì'ing ratìo, the average

edge stnain is determined by the dimpì'ing constant K regardless of the

specÍfic djmensions of the dimpling apparatus. Although a smalìer dimpling

constant means a smaller edge strain and subsequently a lower residual

stress,'it does indjcate a lesser bending effect and, hence, assures

e
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better uniformity of the final residual stresses. Howeven, K cannot be

reduced to zero because the aspect ratìo 2b/t must always be kept be'low

the cri t'ical rat'io to buckì 'ing .

The average edge strain, ãe, is a characteristic edge dìmpf ing

parameter and ìs used ìn conjunctjon with the dimpling ram profìle and

material properties to determ'ine the residual stresses induced by the

pr0ces s

3.2.4 CHARACTERISTIC CURVE OF EDGE DIMPLING

The careful examination of the stress-strain relations of F'ig-

ures 3.2 and 3.3 leads to the observat'ion of a s'ignìfìcant characteristic

relation which ex'ists between the average edge d'impìing strain, ã , and

the MPRS or residual deformation of an elemental stnip. This relation is

'i I I ustrated i n F'i gure 3.8. The rel at j on vari es wi thi n three characteri sti c

regions. These are:

I. The elasticjty region in which the d'impling strain does not exceed

the yìeld strajn and, hence, no res'idual stress is left'in the

materi al af ter d'imPì i ng .

I I . The devel opì ng regi on 'in whi ch the stress devel ops rap'idìy wi th

i ncreasi ng dimpì 'ing strai n . Th'is regi on ex'i sts for an average

d'impì ìng stra'in range from the yìeìd stra'in up to approxìmate'ly

twice the y'ield strain. It is characterized by high sensìtìv.ity

of stress to stra'in. A smalì change in strajn w'ilì produce a

large change jn stress and, hence, lead to fat'igue 'improvement

with the inherent possìbiIity of high scatter" jn the results.
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iII, The stability regìon in which the residual stress ìs stabilized at

values close to the yield stress of the material, In other words,

the permanent deformation will be close to the yìeld strain of the

materjal. The residual stress will be relatìve'ìy insensitive to

dìmpìing strain variat'ion as larger changes in ã become necessary

to produce smaller changes in the stress. Thjs presents a useful

condition of maximum fatigue 'improvement wjth mjnjmum scatter due

to dinrpìing.

Therefore, the value of ã should always be'in excess of twice the

yield strar'n of the material , i.e., in the stability regjon. A'lthough the

characteristic curve should maintajn a similar shape for'all metals, it
will have different slopes and inflection po'ints depending on the shape

of the stress-stra'in curve and the amount of Bauschìnger effect that the

material possesses at each stra'in value.

3.3 SUMMARY

The edge d'imp1i ng technique, as a method of edge treatment, 'is

described. It consìsts of creatjng a mìsfit between a port'ion of the

edge and the surroundìng nlaterial, thus result'ing in a resjdual compressive

stress jn the critjca'l region to fatigue. The technìque is capable of

producing resjdual stresses which may be considered uniform throughout

the material thickness. A specially des'igned apparatus is used to perform

the edge dìmpling procedure wjth variab'ìe parameters. It is found that

there is a characteristic parameter whjch combjnes and relates the other

geometrìc parameters of the techn'ique. That 'is the average edge dimpling
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strain, it must

useful condi ti on

resul ts .

be

of

ma'intained withjn the stability regjon to obtain

maxìmum fatigue improvement w'ith minimum scatter

a

of

Before proceedìng in the fatigue testing program it js desirable

to determine the magnìtude and d'istribution of the residual stress

resulting from edge dimpling. Such informat'ion is necessary for the

accurate assessment of the effect of edge dimpììng on fatigue strength

improvement. The analytjc and experimental determjnation of residual

stresses due to edge djmpling will be described in the following two

chapters .
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CHAPTER 4

ANALYTICAL DETERMII'IATION OF RISIDI]AI STRESS DUE TO EDGE DIMPLING

4.7 INTRODUCTION

Tjmoshenko and Goodier [40] suggest that residual stresses may

be obtained from the permanent plastic deformations of each element of

the body. The general procedure assumes that the body js subdivided into

a large number of srnall elements and that the permanent set for each is

known. These deformations may be eliminated by appìying certaìn body

forces and surface {ractions which satisfy the equations of equì'librium

and the boundary conditions. By appìying these forces the permanent set

'is removed so that the elements of the body fìt one another and form a

contìnuous body. It is then assumed that the elements of the body are

joined together and the body and boundary forces are removed. Then

ev'idently the in'itial stresses are obtained by superimpos'ing tire stresses

prior to removal onto the stresses resulting from the removal of this

system of imag'inary forces. Thus, the probìem 'is reduced to the usual

system of equatìons of the theory of elasticity in which the magn'itudes

of the fictitious body and surface forces are comp'letely determined if
the pernanent set is gìven.

There are two major difficulties that arise from th'is general

procedure. These djfficulties are associated with the determjnat'ion of

the permanent deformation and with the feasibil'ity of the solution of the

system of fictitious forces.
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it is assumed that the pefmAnent deformatìons fof each of the

elements are given, whereas, ì¡ most cAses, due to the nature of the

methods of settjng up residual stresses, 'it 'is rather djff icult, if not

impossible, to deterntine such deformations anaìytically. Thjs is parti-

cularly true for non-axisymnretric situations where the number of variables

forms an'insurmountable diffjcuìty'in the basic plastic'ity formulation

of the probìem, as indicated by Wang [41].

In case of edge dìmpling ìt can be seen that the process involves

stretching of the dimpìe area followed by flattening of the dirlrple shape.

Both steps are accompanìed by p'lastic bendjng ìn both longitud'inai and

transverse directions. If the permanent deformations are to be deter-

m'ined ana'lyt'ically two po'ints, in addjtìon to non-axìal symmetry, have

to be considered. The first'is the friction forces actìng on the contact

surfaces which contribute to the residual stresses in the transverse and

thickness directions. The second is the poss'ibility of buckling during

the flattening of the shell-type dimple. These factors lead to the

exclusion of an anaìytìcal solut'ion to the problem. However, it has been

shown by Metha and Kobayashi l42l that numerical techniques such as the

f i ni te el ement may be empl oyed to sol ve non-axi syrirmetri c nrobl ems . The

accuracy of the numerical solution depends on the number and nature of

simplifyìng assumptions that hayeto be made and on the degree of complex-

ity of shape, strain h'istory, boundary condìtions and the clear under-

stand'i ng of i nstabi'l 'ity condi t'ions .

0sadchuk l43l suggests that residual stresses may be determined

starting from "certain a priori qualitative concepts with respect to the
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character of the fjeld of the residual defqrmat'ions, whi'le a quantitative

descrjption ls found by comparison of the field of the resìdual stress,

calculated on this basis, w'ith the fjeld of stresses obtained experi-

mentaì ly. "

The method of solution used in the present work comprises the

foìlowing:

- An approxìmate method to determine the distribution of residual

deformati on due to edge d'impì 'ing . Hence, the necessary f i ct'it j ous

forces to restore the or"ìginaì shape and djmensjons of the dimpìe

area may be determjned.

- A numerical solution us'ing the finite element method is used to

determjne the stresses resulting from the removal of that system of

fictitious forces.

- The fjnal state of residual stress js determined by superposing the

solutjon of the stresses due to applying the fictjtious forces to

the large number of elemental strips onto the solutjon of stresses

due to the renroval of these forces which act on the entire body.

4.2 MITHOD OF SOLUTION

4.2.1 ASSUMPTION OF FICTITIOUS FORCES

Inragìne that the dìmp'le area ìs separated from the whole pìate

leaving a space of the orìginal dimensions. Furthermore, 'imagine that

the dimple area is subdjvided into a large number of free'long'itudinal

elemental strips, as shown ìn Figure 4.1(a). Each strip undergoing the
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dimpìing process is assumed to have final djmensions as shown by the

dotted line ìn Frlgure 4.1(b). Each elemental strip wìll have permanent
00

strains ex(y) and rU(V) in the x- and y- direct'ions, respectively. The

amount of permanent deformations at any distance y depends on the

dìmpìing head profile and the dimp'ìing strajn. Therefore, each element

will have different dimensions and will not fit one another in the

orig'ina1 space. It js suffjcìent to ensure fitting of the elements (in

the onigìna'l space of the d'imp'le area) to suppress the deformatjon by

apply'ing the necessary boundary forces. This is to apply normal

pressures px and pU'in the x- and y- djrections, respectìvely, at the

boundaries of the strip such that
200

n*(v) = -lE/(1 -u)l't.;(y) +'''r(v)l
4.1

nu(v) = -lE/(i - u2)r.f';(y) + ".'ltr)t
Equations 4.1 give the necessary boundary pressures to suppress the

res'idual deformat'ions of an elemental strip at any distance y from the

edge.

The app'lication of such pressures, as shown in Fjgure 4.1(c), will

eliminate the planar residual deformations and ensure that the elemental

strips may be joined together to form one integral body hav'ing the or^'igìna1

dimensions of the d'imp'led area. At thìs point, it should be mentioned

that the changes of thickness in the dimple region (thinning) will be

negìected since the stresses in the djrection of the thickness at the

boundaries of the dìmple reg'ion may be considered too snlall to influence

the ana'lys'is. Note that these stresses (in the th jckness directjon) wil l

predomìnate only around the boundaries of the djmpled reg'ion.
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As p,,(y) changes in the y- djrection two adjacent elements willJ

have two difference boundary pressures, When the elements are joined

together a different'ial pressure wjlì remajn to act on the interfaces

between each two elements. To satìsfy the conditions of equ'iljbrìum as

appìied to the dimpìed area this differential pressure grad'ient must

have been created by an 'imag'inary body force ar(v) per unit volume

acting in the djrection opposjte to the boundary pressure at the edge and

gìven by

s..(v) = dp..U)/av 4.2y'" ' 'y'" "

The next step of the solution will be the determination of the

permanent deformations ,lful and ,jfrl jn terms of the varjous para-

meters of edge dimpiing.

4.2.2 DiSTRIBUTION OF RESIDUAL DEFORMATION

The permanent deformations of an elemental strìp at a distance y

from the edge of a p'late undergo'ing edge dimpìing are determ'ined'if the

following are known:

a. The stress-strain curve of the material.

b. The Bauschinger effect of the material.

c. The amount of average dimpling strain.

It'is often convenient to consider a bj-linear stress-strain

relation L44l, as shown ìn Figure 4.2, in which the stress up to the

yì eì d po'int i s determj ned by

ó = E.e 4.3

where e ìs the strain and E is the elastic'ity modulus of the material.
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Once the y'ield stì"ess is exceeded the stress is determìned by

o = oyp + Er.(. - .yp) q.q

where oyp and ryp are the yìeld strength and strain; respectìvely,

and E' is a plastic modulus much smaller than the elastic modulus, E

Due to the Bauschìnger effect, the elastic strength ìn compress'ion

is lowered by a certain amount, usualìy depend'ing on the strain prior to

load reversal, ; The Bauschjnger stress, oB , is defined as the

difference between the forward yield strength, o, , and the absolute

value of the reverse yield strength, o* t451. Therefore, ìf the

Bauschinger stress is known the reverse yield point can be calculated.

This relatjon may be written

oB = oF - lonl +.s

This relatjon may be rearranged in the form

I oRl = (1 -y ).or 4.6

where v = oU/o, is the Bauschinger effect parameter which is a

function of e .

With reference to Figure 4.2 which represents the edge dimpiing

process, the MPRS jn an elemental strip, and hence the permanent deforma-

tion, may be calcujated'in terms of e , y and the material constants

E E' and õ :-vp
00ox - - E.r* = - lod,* E'.dol 4.7

But usi ng Equati on 4.6:

lo¿,1 = (1 -v)'ob, 4.8

52
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From Fj gure 4.2

ãõ = ã_ ¡O = ; _ (I/E).(on, + lo.,l) 4.9

Substitutìng Equation 4.8 into 4.9

ãõ = ;- (l/E).(z- v).ou,. 4.10

Substituting tquations 4.8 and 4.10 jnto 4.7:
00

ox = - E.r* = - lti -y).ob, + t'.; - (E'lE) (2 - y)-ob' 
I

= _ lr'.ã+ ¡(1_r) _ G,/E)"(z_y)l.ob, I 4.li

But

o.¡ = ú +E'.(ã-e \ 4.12D' yp yp'

Therefore,
00ox = - t.'; = - lr'.ã+ t(1-v) - G'/E).(Z-v)1.

lorp * t' .(; - 'ro)l I 4.13

Equatìon 4.13 may be wrìtten jn the form
00ox = - E.r* = - llr-r,/El.¡(i-v) - (?-y) (E,/E)l.oyp

+ lt-E' /El . lz-vl .E' .;l 4.14

and the residual deformation will be

0.x = l1-E'/El'[(l-v) - Q-y)'(E'/E)]''yp
+ (E'/E).(r-E'/r).(z-Y).; 4.15

The expressions of Equatìon 4.14 or 4.15 may be evaluated for different

values of y and ã for a given material. It should be noted that these

relations are onìy valid if ã'is such that ão > 0, i.e., the MPRS in the
0

strip js not less than oO,. Substituting o* = od, in Equation 4.14

obtain the lower l'imit of ã to be

ovo (?-y)(1-E'lE)
\ 4 4.16
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the same procedure i t can easi'ly be shown that
00

o* = - E.r, - E(1-t'/E)(;-ryp)

0

,x = (1-E'lt) (ã - .ro)

4.17

4. 18

4. 19

Us"ing Equatìons 4.14 through 4.19 the characteristic dìmpìing curve for

2024-T3 alclad aluminum alìoy material may be determined as shown in

Figure 4.3. The three regìons of edge dìmpìing are designated by I, II
and III. It appears that to gain high and reproducible residual stress

the average dimpling straìn must be in the third region, i.e., greater

than approxiniateìy twice the yield stra'in. Thjs l'irnit is recommended for

the average edge strain,1, as jnterior elements will have smaller

dìmpling strains. However, bearing in mind the shape of the actual stress-

strain relatjon, the non-idealized characteristic curve would be curved at

the po'ints of slope change. This is shown by the dotted line in F'igure 4.3.

Therefore, the boundaries of the three reg'ions of the characteristic curve

are not exactìy defjned. In thjs case the average edge strain may be taken

as a mininlum of three tjmes ryp to obtajn stable resjdual stress at the

edge. In the following ana'lysìs, the characteristic curve based on the

idealized stress - strain relation will be used.
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To calculate the permqnent straîn in the transvense d'irection of

the elemental strìp the total volume change due to dimp'l'ing has to be

consì dered. l,li thout detai I s of the transverse straj n hi story durì ng

dìmpì'ing of the strip, the final volume (as the element is left free from

external forces causing any elast'ic strain) shouìd be equal to the initial
volume, i.e., the volume does not change. In terms of the princ'ipal

strai ns thi s ìmpl j es that the sum of res j dual strai ns 'i n the I ong'itudì naJ ,

transverse and thjckness djrectjons must van'ish. Therefore,
00

ty = -0.5r*

The next step wilì be to determine the residual strajn distrjbu-

tion jn the dìmpìe area. Th'is requìres knowledge of the profile of the

dìmpling head; shownìn Fjgure 4.4. For any poìnt at a distance y from

the edge the d'imp'ling depth, d , will be reduced as y jncreases untjl

the contact between the dimpi'ing head and the specimen is lost at a

distance ymax determined from the geometry of Fìgure 4.4

m 4.zIYrax = 
/rt' 

-(r¡-d)'

Therefore, the effective ram movement (tfre dimpling depth), d' , at any

distance y < y*u* wì11 be given by

d'(v) d - 13 (1 - 4.22

areThe d'impling-span ratio and the dimpling constant at any distance

then gÌven by

4.20
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R[(v) =

K'(y) =

dt /2b = d/ZA - rr/Zb" (1 -

rj+r^+tI¿_-_N-

fn+f^*t r^r '¿ - '3 t¡---zb- - 2b \r

Therefore,

where

Ru - ¡(Y)

K - ¡(v)

no(v)

K'(y)

4.23

4.24

Rn , K are the dimpìing-span ratio and the dimpling constant

of the apparatus, respectìvely, and

¿(V) is a correction factor given by

4.25

Usìng the corrected values of RO and K', the values of the average strajn

at any distance y, ã(y) , may be determjned from Figure 3.7 or

Equations 3.7 and 3.9. For the geometry of the d'impìing head given in

F'igure 4.4 and for an average edge strai n of 2 percent the d'i stri buti on

of the average dimpìing strain, ã, is given jn Figure 4.5.

The sol'id curve of Figure 4.5 holds fairìy well for the por'nts

where the contact between the specimen and the dimpìing head is ¡raintained.

It was observed that the contact is lost at some distance less than the

r.)
¡(y) = d 11
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maxìmum expected value vrax The material curves as shown by the

dotted ljnes in Figure 4.4. Thjs curvature tends to increase the average

dìmp'ling strain on the rest of the d'impìe area up to the full width of
the edge dìmple. Due to this curvature a correction must be made and

the actual *y curve may be qualitatively represented by the dotted line
in Fjgure 4.5. In fact, most of the deviation occurs in the character-

istic reg'ion of elasticity and, therefore, will have no reflection on

the residual strain distribution. The remainìng portion will practically
produce permanent residual deformatìon but mostly with'in the character-

istìc region of development. The effect of this deviation will primariìy

reflect on the magnitude and location of the stresses in the interior
region away from the edge

Using the results of Figure 4.5 in conjunction with the charac-

terìst'ic curve of Figure 4.3, the resjdual deformation of an elemental

strip at any distance y from the edge of the dimp'led area may be

deternrined. The results are given jn F'igure 4.6 for z0z4-Tg alclad

aluminum alloy material. Notice that this ciistributjon js derived from

an idealized stress-strain relation. The actual stress-strain relation
may produce the modjficatÍon illustrated by the dotted line in the same

fì gure

Substituting Equation 4.20 jnto Equation 4.1 obtain

Rr(v) = - L\-v/2)/(b,2)l.r.,lrul
4.26

pr(v) = + l(r/z-v)/ (r-,2)l.r..ltnl
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Equatìons 4.26 may be expressed in the non-dimensional form:

p*(v)/ouo = - l(r-v/2)/ (t-u?)l.E..l{u)foro
4.27

pu(v)/ouo = + l(r/2-v)/ (r-uz)l.E.rl{u)u 
"ro

Using the distrjbution of ,lfrl as gìven in Figure 4.6 in conjunctìon

w'ith Equations 4.27, the necessary boundary pressures are determjned and

gi ven i n F'igure 4. 7 .

In conclusion the procedure of determining .lfrl may be sum-

marized jn the following steps:

1. Find the stress-straín properties of the material.

2. Using Equations 4.14 through 4.19 determine the characterjstic curve

of edge dimpìing and plot the results as shown in the right top

quarter of Figure 4.8.

3. Find the shape and dimensions of the dimpling head. For the selected

ram movement calculate:

a. the average edge strain, ãe ,

b. the average dimp'ling strain, ã(y) , at any distance y from the

edge.

This may be done usìng Equatìon 4.24 and 4.25 and either Fìgure 3.7

or Equat'ions 3.7 and 3.9. I\ote that the upper limit of y = y,nu*

can be determined from tquation 4.21. Therefore, the values of the

characterjst'ic parameter are determined and may be plotted as shown

in the right bottom quarter of Figure 4.8.
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4. To deter¡nine the distrjbut'ion of resìdual deformation rltU) a

graph'ical method may be used, as illustrated in Figure 4.8. Follow

the chain dotted line starting from point 1 for a g'iven value of y.

For th'is value the corresponding average dinrpìing stra'in is determined

at poi nt 2. Draw'ing a ì 'ine paraì ì el to the y-axi s to i ntersect the

idealized characteristic curve at point 3, the corresponding res'idua'l
00strain r* is determined. Proiecting point 3 on the e*-axis

poìnt 4 is found, and by rotating point 4 a right angle in the

counter clockwise direction point 5 is found. The data point hav'ing

the coordinates 01 and 0S in the .o-U .oordinate system determines

a point on the resjdual strain distribution curve. The curve may be

determ'ined for any combìnation of the characteristic curve and d'imp-

ì ing strain distribution.

4.2.3 RTMOVAL OF FICTITIOUS FORCES

The combjnation of body force er(V) and the boundary

forces n*(V) and p'(y) js shown in Figure 4.9(a). It can be seen that

the cìamp'ing system may on'ly exert the boundary pressure O*(V) but the

free edge of the dimpled area is subjected to an'imaginary pressure pr(O)

in addition to the fictitìous body force Ar(V) which is not exerted by

the clamping system. To v'isualize the state of stress in the cìamped

situation, i.e., the MPRS distrjbution over the entire dimp'led regìon,

it is necessary to remove the fictitìous body and boundary forces in the

y-direction. However, this step of solut'ion may be by-passed as it does

not affect the final result. The solution of the problem may be



66

o. Equivo lent body ond

boundory forces.

oxis of symmetry

oxis of symmetry

b. Removol of thê system
of fict il i ous f orce s of
Figure (o.).

py(o )

py(o)

Figure 4.9 The

one

elementol strips
integno I body.

olrl, oltrt

Bo(v)

joined together in



67

accomplished by removing the fjctitious system of body and boundary

forces. Thjs is achieved by applying a system of body and boundary

forces equaì in magnitude but opposite in direction, as illustrated in

Figure 4.9(b). The stresses produced by the remova]-system of forces

may be determined numericaììy by the finite element method. An exact

analytica'l solution is not available in this case. However, it can be

shown, mathematically, that the finite element solution converges to

the exact solution as the number of elements is increased and, therefore,

any desired degree of accuracy may be obtained [46].

The plate specimen is subdivided into a number of rectangular

finite elements interconnected by nodes. Because of symmetry, only one

half of the pìate need be considered. The finite element mesh is illus-
trated in Figure 4.10. The element and node numbers except for the

boundaries are omitted for clarìty of illustration. The dispìacements

of nodes i to 18 are restricted in the x-direction due to symmetry

and node number 18'is fixed. The system of forces shown in Figure 4.g(b)

is calculated and the necessary boundary conditions are applied to the

proper elements. The body force Br(V) is substituted by the equiva'lent

pressure at the interfaces between elements. A total of 170 elements

and 198 nodes are used.

A finite element computer program t1011 whìch performs

linear plane stress ana'lysis is used. input data included the elastic

propert'ies of ?024-13 al cl ad al umi num a1 
'loy materi al , node poì nt co-

ordinates and load or displacement, e'lement data, and boundary pressures.
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0utput is obtained for the stresses at the elements. The ìong'itudjnal

stress jn the x-djrection, the transverse stress in the y-dìrection and

the shear stress distributjons may be determjned at any d'istance from

the axis of symmetry (x = 0) or any distance from the edge (y = 0).

At x = 0.05 in., the shear stress component is found negr'igibìe, there-

fore, the stress distribution at the axis of symmetry is considered to

be the same. Figure 4.i1 shows the stress distribution at the axis of

symmetry due to the removal of the fict'itious system of body and boundary

forces.

4.2.4 RESiDUAL STRESS DISTRIBUTION

The fjnal residual stress distribution is the aìgebraic sum of

two systems of stress. The first is the stress due to applying the

fictit'ious forces to suppress the permanent strain of each elemental

strìp. This solution ìs given by

Ioi = R*(v)

Io-. = p,.(y)y 'v'"'

The second is the stress created by the

ti ous forces . These stresses o.1I (* ,y ) ,
X

mined numericalìy. Therefore, the final

syrmetrìcaì around x = 0 and given by

"fs{*,y) = "lrul * oit(x,y)

"|sr*,y) = "jrvl * "Jt(x,y)

"Ï;(-'v) = "iit*'n,

removal of the system of fjcti-

"jI {*,y ) and "lJ(-,y) are deter-

residual stresses will be

4.28

4.29
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Note that "jfrl anO oj(y) vanish outside the dimple region. The solution

given by tquations 4.29 1s plotted in Figure 4.i2 for x = 0.

The same solution may be obtained jf the c'lamping forces and the

MPRS distribution are known. The stress distribution due to unclamping

is then supeflinrposed on the l'lPRS to obtain the final residual stress

di stri buti on.

Before concluding this section, it should be noted that res'idual

stresses in wider spec'imens wÍ'l'l be higher in compression and lower in

tens'ion. For narrower specimens wi th the same dìmp1 ing cond'itions and

width the opposite will occur. Thìs fact is sign'ifìcant jn practical

situations as it appears that the consideration of the material surrounding

the dimp]ed area is a major factorin determining the residual stresses.

For most practicaì applications the ratio of the p'late width to the width

of dimpìe ìs expected to be far greater than the value of 3 employed in

the present study.

4.3 EFFICT OF PRELOADING

A prior overload is called a preload. In fatigue testing a pre-

load simulates gusts occurring'in an early stage of the ìoad spectrum.

it has been indicated previousìy that preloading of unnotched specìmens

(prior to fatigue cycìing) may produce a nrinor improvement in fatigue

strength as a result of strain hardening. When a part having resìduaì

stresses is pre'loaded, ìoca'lized yield'ing may occur as a result of the

resultant stress exceeding the elastic limjt. The resultant stress is

the algebraíc sum of residual stress and prestress. The localized
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yìeìding wjiì occur ìn a region, the size of whjch-is dependent on the

amount of preìoad.

Figure 4.13 illustrates the effect of preloading on res'idual

stress. Curve A is the resjdual stress distribution before pre'loading.

Curve B js the resultant stress at small preioads. Upon removal of such

a preìoad the original residual stresses will be restored to the o¡iginal

distribution of curve A. As the preload increases , the peak tens.ile

stress reaches the yield stress, as represented by curve C. This is the

limit after which inelast'ic deformation starts. It js determjned by the

dìfference between the y'ield stress and the peak of residual tension.

For the present case, thjs limit.is found at a prestress ratio of

approximateìy 0.65. This limit has to be verified by experìment. As

this limit is exceeded, localized plasticity occurs and the amount of
plastìc deformat'ion is'in proportion to the prestress, as illustrated
by curves D and E. This will disturb the origìnaì equílibrjum and result

in a change of residual stresses. This change may, for small values of
pre'load, cause an increase in the residual compression. However, high

pre'loads w'iìl cause the spreading of the residual deformatìon along the

specimen width which wjll result in reducing the res'idual stresses. The

anaìyticaì or the numerical determination of residual stresses after
preloadìng requires the definition of the newly created misfjt zone and

the stresses acting at its boundaries. Such a solution will be compli-

cated by the non-axjal synmetry and the biaxiality of residual stresses.

Accordjngly, the effect of preloadìng wìlì be stud'ied in terms of its
effect on the fatigue strength ìmprovement. A study of the subject is

presented in Chapter 6.
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4.4 SUMMARY

In this chapter residual stresses due to edge dimpìing are deter-

mined anaìytically. The method empìoys an approxímate procedure to

determine the distribution of residual deformation based on the ideali-
zation of stress-strain relations. The finite element technique is

used at some stage of the solution to determine the stress field produced

by a system of body and boundary forces. The fjnal residual stress

distribution is determined for the given dimpling parameters. The

results have yet to be verified by experimental nleasurement of residual

stresses, which will be dealt with in the next chapter.
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CHAPTER 5

THT MEASURIMINT OF RISIDUAL STRESSES

Various techniques have been used for the measurement of residual

stresses. These techniques may be classified into destructive and non-

destructive depending on whether the amount of dama.ge made to the materjal

can or cannot be tolerated. Non-destructive techniques, such as the X_ray

technique, do not cause permanent damage to the material. 0n the other
hand, destructjve techniques, usually mechanicaì in nature, result in
permanent damage and loss of the function of the part be.ing tested. if
the damage is tolerable, destructive technÍques may be considered semi-

destructive. In the following subsections the various techniques for
measuring residual stresses will be reviewed.

5.1.1 NON-DESTRUCTIVE TECHNIQUES

Four non-destructjve techniques will be d'iscussed. These are:
(i) the x-ray, (ii) tne ultrasonic, (iii) the Magnetic and (ìv) the

Indentation Techniques.

i. The X-ray technique js the most common of the non-destructive

techniques. It is based on measuring the change in the crystal lattice
spacing caused by the residual or appììed stress at the surface of a

specimen 1471. In general, Martin [ag] has shown that the x-ray diff-
raction method is capable of yie]ding results which are reproducible to
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within t5000 psi. In a later experiment, Donachie and Norton t4gl

estimated the reproducibility of stress measurement in aluminum al'loys

to be w'ithin t1000 psi. Aìthough the technique ìs essentially non-

destructive, jt is a costìy and time consuming method that requires

complex equ'ipment and highly skilled operators. The X-ray technique has

been empìoyed by many investigators in the measurement of residual

stresses [4, 12, 2I, 26, 27, 50, 51, 52].

ii. The ultrasonic technique, first proposed by Benson and Raelson

in 1959 [53], is based on relatìng the changes in the characteristics

of ultrasonic waves due to changes of phys'ica1 or mechanìcal properties

of the material produced by res'iduaì stresses 147J. The app'lication of

stress causes very sma'li change in the wave velocity which cannot be

easily measured. The complexity of the technique in addjtion to its
expense and time requirements restrict its app'licatjon to'laboratory

experìments. Tn 7973, Noronha, et al. [54] reported the development of

a technique that measures the change of velocity of ultrasonic waves due

to the applicatjon of stress. However, experimental results obtained

on 4340 steel indicate a considerable deviation of ultrasonic measure-

ments from X-ray measurements 1471.

iii. A magnetic technique utjljzes the phenomenon of magnetostriction

which causes the dependence of magnet'ic properties of ferromagnetic

materials on the state of stress [55]. This method requires considerable

computation and may be regarded as qualjtatjve rather than quantjtatìve.

iv. Indentat'ion methods relate the residual stress to the change of

hardness which is determined from the changes of size and shape of the
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r.ndentation 156, 571. This method, despite its simplicity, requires

knowledge of the initial hardness of the material and speciai care in

supporting the specimen during indentation. The major setback of this

technique ìs the inherent lack of accuracy when measuring compressive

or equi bjaxi al tensi I e resi dual stresses.

5.1.2 IESTRUCTTVE TECHNTQUES

The common princ'iple of destructive techniques ìs that of the

removal of a part of the material and measurement of the resulting changes

'in shape or dimensions. These measurements are used to calculate the

average res'idual stress that was originally acting on the removed part.

It is imperative to note that the removal of layers or parts of the

material unbalances the equilibrium of forces and results'in the re-

distribution of residual stresses. Such changes must be taken into

account when a series of measurements are to be taken on one spec'imen.

Destructive techn'iques, aìthough destructive, are preferred to non-

destructive methods wherever subsurface stresses are to be measured.

They aìso are fast and less expensive. However, it should be noted that

in most cases the exam'ined specimen is no longer avajlable for further

expìoration. The most common destructive techniques are: (i) Sachs',

(ii) layer-removaì, (iii) sectioning and (iv) hole-driì'ling techniques.

i. Sachs' technique was first introduced by Sachs l5Bl for measuring

resjdual stresses in objects of rotational symmetry (both in geometry and

stress fìeld). Sachs'method or the boring-out method, as ìt is genera'lìy

called, consjsts of measuring straìns on the outer surface of a cylinder
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while the bore is machined away which prov'ides for accurate measurements

of the stresses at the inner surface. An alternative procedure is to
mount strain gages on the bore-hole wall and measure the strain as the

outer diameter is turned down. The latter, known as Sachs, turning_down

techn'ique, provìdes accurate measurement of stresses at the outer sur-

faces. A combinatíon of both techniques, developed by Bühler 15gl permits

accurate measurement at both surfaces. Further extension of Sachs' method

to the measurement of antisymmetric stresses in round bars has been

reported by Lambert [60] . A s'implified procedure of calculat'ion us.ing

graphical method was proposed by Weiss i611.

Several applicat'ions of Sachs' techniques to the measurement of
residual stresses ìn cy]inders 162l, discs i63l and pìates [33, 64] have

been described. The results obtained by th'is technìque, however, are

poorìy sensitive to the sudden changes in stress gradients and the accuracy

of results js limited by the inherent stiffness of the tubular member on

which stra'ins are measured i481 . Sachs' technique ìs hampered by tedious

machjning requìrements and is subjected to errors resulting from residual

stresses and heat produced by mach.ining.

ìi. The layer-removaì technique is simjlar to Sachs' technique but it
is not bound by the object symmetry. It has been developed for measur-

ì ng resì dua'ì stress gradì ents 'in metal parts resul ti ng from vari ous manu-

facturing operations. it involves the removal of thjn surface layers

(of up to 0.0001 in.) and the simultaneous measurement of spec.imen

deflection which accompanies the removal. Layers may be removed succes-

s'ive1y by fine grind'ing as reported by Rathbun and coffin [12] or by

milling as reported in determining residual stresses in plastics by
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Golsby [65]. Layers may aìso be removed continuously by processes such

as electrolytìc poìishing described by Letner t66l and Zapel 167l or by

etchi ng 'in a chemi cal sol ut'ion as proposed by Wei sman and Phi 1 ì'ips 168l

and Hospers and Vogelesang 1691.

iii. The sectioning technique was first reported by Kalakoutsky

in 18BB 1701. The basic princìple of measurement is that jnternal

stresses are relieved by cutting the spec'imen into smaller strjps and,

thus, by measuring the change in strain of the strìps, residual stresses

may be calculated. The selection of the locat'ions for sectioning and

partical sectionjng was descrìbed by Tebedge et al.17ll, Aìpsten and

Tall l72l and others [73]. This technique is best suited for large

structuraì components as stresses 'induced by cuttìng or sawing become

more serjous in smaller sections. It also involves a great dea'l of

accurate machining. The complexity of the nlethod admits the introduction

of errors that may offset the sensitívity and accuracy of measurementsl48l

iv. The hole-driìf ing technique consists of drjlling a hole in the

material and measuring the resulting change of strain in the vjcinity of

the hole 174, 75, 761. The conventjonal procedure consists of experi-

mentalìy measurìng the change of strain (the relaxation stra'in) foi a

given stress, strain gage-hole configuration, material and dri'll.ing

procedure. From the measured relaxatìon strains relaxation coefficjents

are calculated and used to determine unknown residual stresses. Experi-

ments have shown that certain features and requìrements are assoc'iated

w j th the techn'ique. These are:

a. The measured stress must be uniform throughout the thickness.
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b.

Keìsey l77l showed that non-uniform stresses may result 'in estimates

lower than the true values by up to 20 percent.

The hole depth should be specified to ensure full relaxation strain.

Thjs condition of optimum relaxation can be attained with a hole

depth equai to the hole s'ize as shown by Kelsey lTll and Tebedge et

al. 1731. Meanwhile, Bathgate lTBl suggests a hole depth of 0.b the

hole diameter.

The relaxat'ion coefficients are found to be ìndependent of the hole-

gage assembly, if d'imensjonal similitude'is maintained wìthjn certa'in

l'imits. Rendler and vigness lTgl determined these limits to be: a

hole depth < the hole size, th'ickness > 4 times the hole sjze, and

p'late width > I times the hole size

The rule of dimensional simjljtude was shown by Lake, et al. t8Ol to

only apply for thick material. Therefore, a new calibration for each

combinat'ion of hole-gage assembiy and thickness becomes necessary, in

the case of thin materials.

It has been shown by Ke'lsey l77l that uniaxial tensile and compressive

relaxation coefficients are interchangeable. Uniaxial calibrat'ion

coefficjents may be used, app'lying the principie of superposition, to

evaluate biaxial stresses. Several studies on biaxial stress fields

have been reported by Cordiano and Salerno [81], Gupta lBZl,
Bathgate lTBl and Djni et al. lS3l

Measurements are ìnherently ìimited to stresses within l/3 of the

elastic limit of the material as the stress concentratíon at the

edge is 3. Beaney and Procter [84] suggest that the errors in

c.

d.

ô

ît.
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measuring stresses smal ler than half the yie'ld stress are negligìb'le

and as the stress approaches the yieìd po-int the error rises to

approximateìy 10 percent.

v' Other technìques have been proposed by other invest'igators such

as schwaighofer [85], vaidyanathan and Finnie [g6]. A survey of some

earlier technjques was reported by Tebedge et al. t731.

5. 1.3 SUMMARY

As has been shown in this section, several methods are available

for the measurement of residual stresses. These methods, eìther destruc-

t'ive or non-destructive, were proved to be of comparable accuracy and

sensitivity l48l. In general, mechanical techniques have the advantage

of being comparatively fast and less expensive. Sonre mechanc.ial methods,

such as the hole-dril'l'ing technique, may be regarded as semi-destructive

if the amount of damage to the material can be tolerated. In the follow-
i ng sectì ons a modi f i ed hol e-dri 'l 'l 'ing technique wi'l I be descri bed,

evaluated, and used in measuring resi.dual stresses due to edge dìmpling.

5.2 THt MOpIFiEp HOLE-DRTLLTNG TTCHNIQUE

In the present section a modification to the

cedure is proposed 'in order to 'improve the practìcal

for measurenrent of residual stnesses in thin pìates.

achieved by eliminating the need for calibrating each

and by extending the range of measurement to stresses

s trength .

hol e-dri ì 'l i ng pro-

value of the technique

The mod'i f i cati on i s

ho'le-gage assembly

close to the yjeld
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5.2.1 THEORETiCAL ANALYSIS

Kirsch's solution t40l for the stress distributjon around a

círcular hole in a thin, wide, linearly elastic and isotrop.ic p'late

subjected to uniaxial tension may be written:

o?or =f t(1 -f) +(1 - ^r**r4) cos2oÌ

o2
oe =|tfr+f) -(1 +*^o) coszo\ 5.1

o,, -2
oro = - t' t(r +ì- - *^o) sin zoÌ

where: À is the non-dimensional hole diameter defined by d/r (Figure 5.1),
or it is the reciprocal of non-dimensional radius, y/d. These equations

hold fair]y well for p'late widths of at least fjve times the hole diameter.

The strain distribution around the hole (after drilling), is
given by:

."=É(o.-vor)
5.2

.u=Ë(ou-vo.)

whjle the strain distribution before drilling may be written:

0o-c
';=+(coszo-vsìnzo)

5.3

';=?(sinZo-ucos2o)
Strain gages nray be used to detect the change in strajn resulting from

drillìng the hole. This change is defined as',relaxation strain,,and

wjll be denoted bY eO,^ and e*u in the radjal and tangential djrections,
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respect'ively. It should be noted that eO'^ and eR. are the net relaxation

stra'ins due to the stress (appl'ied or residual ). Relaxat jon strains are

defi ned as :

0tRr=ur-rr

0
eRo =.0 - ro

Substitution of Equatìons 5.1, 5.2 and 5.3 into tquations s.4 yields:

5.4

-ttXtRr-nr t
5.5

where K, and Ku are defined as the relaxatjon coefficíents at any

angle 0, in the radial and tangential directions, respectiveiy; and

given by:

K.. = _ (u I i) iz _ tLrz _ 3(v + 1) l4) cos 2o'tf B " - \2" ----îT

5.6
Ke = - þ+-U 

^2 
* (l^2 - 3("rå 1) r,4) cos zo

The relaxation coefficients are non-dimensional quantities which depend

on the point of measurement (r,o) and Poisson's ratio of the material v.

For o = 00, the radial relaxation coefficient is practica'lìy 'independent

of Poisson's ratio for À < 1.15. in this case, K, becomes universal for
al I el asti c i sotropi c materi al s .

Fìgures 5.1 and 5.2 show the variation of K. and Ku with 0 for

alumjnum al'loys. The study of these figures suggests that the following

o
-lrxeRo-oe r
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points may be considered when layr'ng out the hole-gage assembìy:

a. Points of measurement (r,o) of maximum relaxation coefficjent are

recommended whìle those of min'imal relaxation must be avo.ided.

b. In genera'l, hìgher values of relaxation coefficients exist in the

radial direction at 0 = 0o. Therefore, radiaìry or^'iented gages

paraìlel to the stress offer the best measurement prospect. Although

a tangential gage at 900 exhibits the maximum value of relaxation

coefficient, its use is not advised. This is prìmarjly due to the

I'ikelihood of ìarge errors being caused by mach'ining stresses.

Unless a stress-free hole dril'ling techn'ique becomes available jt is

recommended to use radial gages rather than tangential gages.

c. Higher values of À are, generally, favourable for highest values of

relaxatjon. As I decreases, the relaxation coefficients decrease and

the error in measurement becomes a considerable fraction of the

measured relaxation strain.

d. A change of a few degrees in the orientation of a strain gage parallel

or transverse to the stress is ins'ignificant.

The foregoing discussion is, of course, applicable to the measuríng

of any generaì stress no matter how such stress condition is generated.

It also is subiect to certain practical considerations which wjll nolv be

di scussed.

5.2.2. PRACTICAL CONSIDERATIONS

It has been shown 'in Equati ons 5.5 that for a g'iven strai n gage-

hole assembìy and material the relaxat'ion coefficient l's fixed and the
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stress is directly proport'ional to the relaxation strain. However, the

measured strain relaxation is due not on'ly to the app'ìied stress but it
also includes the contribution of some other effects. Therefore, the

separatìon of the "net relaxation strajn" due to the stress from the

"measured or total relaxatjon strain" is necessary. The princ'ipaì com-

ponents of total strain, ,T, for radial gugur* ur.,

1. Net relaxation straih, rRr = .Rl

2. Relaxat'ion strain due to drjììing operation, rri
and

3. Relaxation strajn due to local'ized p'lastjc flow, rp.

These strajns are reìated by:

tT=.R*er+ôeO

where, ô = +1 if (rf - rr) t 0 and o

for usìng the sign operator will be

fore the net relaxation strain to be

_t\.R=(eT e*)-ôeO

The relaxation strajn components e,n

detail in subsect'ions (i) and (ii),

5.7

= -1 it (rt - er) . 0. The reason

cl ari fi ed j n subsection (i j ) . There-

used in Equations 5.5 will be:

5.8

and e will now discussed in more
p

respectiveìy.

i. The relaxation strajn component e, results from machjn'ing residual

stresses. Such stresses depend on the drilling conditions and are highly

localized in the'immedjate v'icinity of the hole. They drop rapìd1y as the

d'istance from the hoìe edge increases. Therefore, the effect of machining

S'im'ilar analysis may be made for tangentiaì gages.
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stresses may not be sign'ificant in a partìcular ho'le gage assembly but

will certainìy be sìgnìficant'in scaled-down, djmens'ionally-sìmilar, hole-

gage assemblies as the d'istance between the gage and the hoie edge

decreases . It i s rare'ly necessary to scal e-down i n thi ck p]ates . Thi s

provides an expìanation as to why the rule of djmens'ional sjmil'itude does

not hold for thin materials.

The prìmary 'interest is not jn measuring machining stresses but

is in determ'ining the location, r, at which the relaxation strain com-

ponent, Em, ìs acceptabìy small. Thjs can be done experimentaìly as

described in Section 5.2.5('i). It should be mentioned that, due to ax'ial

symmetry, r, i s 'independent of the or j entati on 0 . In addi tion, mach'ini ng

stresses are independent of the stress to be measured, and hence e,n shouìd

maintain the same sign regardless of the sign of eT as shown in Equa-

tion 5.7.

ii. The relaxation strain component eO is produced onìy if the stress

field around the hole js disturbed by localìzed p'lastjc flow. In uni-

axial loading the stress concentration factor at the hole edge at o = 90o

is 3 wh'ile at 0 = 0o it is -1. As the nominal stress exceeds 1/3 of the

yield strength pìastic flow will start at the hole edge at 0 = 90o and

the elastic solut'ion is no longer val id. However, 'it is aìways possìble

to determine the deviation of the elast'ic estimate from the true value of

the stress. If the error is acceptable, the elastic solution may be

practìcal]y used for determinìng stresses beyond I/3 of the yìe'ld strength.

Due to the nature of this localized plastjc flow,'its influence on trans-

verse gages is expected to be greater than that.on paraìlel gages.
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Therefore, the relaxation straìn eO w'iì1 be a function of the relatjve

location of the gage with respect to the location and magn'itude of the

maxìmum stress concentration factor. Hence, ,p is a function of o and

will also vary with the biaxia'l'ity rat'io, when measurìng bìaxial stresses.

It can be seen that eO w'iìì always jncrease the absolute value

of the net relaxation strain regardless of ìts sign. For this reason it
was necessary to introduce the sign operator ô in Equat'ion S.Z. Thus,

if the relaxation strain eO is negìected the measured stress, whether

tensile or compressjve, w'ill always be overestjmated. The presence of

e,.,, beìng negìected, will lead to unrealistjc and misleading results.
v

This may be jllustrated with the aid of Figure 5.3. Assume that a un'i-

form stress o'------ -x I/3 o* is measured by drillìng a hole and recording

the total relaxation strain ac. If ac'is considered entìreìy due to the

existjng stress, dìrect substitution in Equatìon 5.5 g'ives a stress

oi = *'E/Ky- However, if eo = 6c'is consjdered, the true stress will
be o* = ab'E/Kr and the error in estimat'ing wilì be equal to E-c/ab,

i.e., rp/.R. correct'ion for.rp ir requ'ired for stresses that are 'in

excess of I/3 oyp o. of a lÍmit to be determined from experìments.

5.2.3 EXPERIMENTS

An experimental program was carried out to determjne values of

relaxatjon strain components e, and eo and to test the accuracy of the

proposed hole-drjlling procedure. The nraterial used was alumjnum aììoy

sheet of two different nominal th'icknesses, as desìgnated in Figure 5.4.

specimen dimensions and strajn gage ìayout are also shown in the same
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figure. The straìn gages were arranged'in two groups - the control group

and the relaxat'ion group. The purpose of the control gage was to measure

the magnitude of the uniform stress fjeld as well as to assist jn the

detection and, if possjble, eliminat'ion of any non-uniformity due to

ìoadìng. The relaxatjon gages were used to measure the total stnain

relaxation. To ass'ist in accurately ìocating the strain gages and to

permit accurate drjllìng, a very small guide hole was fjrst drilled at

the specimen centre.

In the first experiment bend'ing stresses were larger than desired

(average of 6 percent of appììed stress). Therefore, jn the second

experiment a different loading method was used wherein bend'ing stresses

were reduced (to an average of 3 percent) t87l.

Testing consìsted of primari'ly increasing the hole size by driIl-
ìng and, at each increment of dri'lling, load'ing the specimen through a

number of app'lied stress levels and recording the associated strain gage

readìngs. A portab'le hand drill and sharp double-fluted H.s.s. drills
were used'in dry cuttjng the holes. It was felt that the requirement of

a specially dressed end mill and a spec'ial mil'lìng guide are not justified

in connection with thin materials. The effect of heat generation was

small due to the large surface to volume ratio for thìn plates. To avoid

bending stresses that may resuìt from drilling, specimens were backed

with srnall blocks and low feeding rates were used. The use of a small

guìde hole kept the eccentrjcity error in hole location very small.

Th'is, backed by the small differences'in readings of gages T1, T2 and

11, LZ (Figure 5.4) justified tak'ing averages of those gage read'ings.
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5 .2.4 RISULTS

The results of experiments are gìven in Figures 5.b and 5.6 for

spec'imen I and in Figures 5.7 and 5.8 for specimen II.

5. 2. 5 DiSCUSS ION

The discussion of the results

(i ) Machinìng Effect.

( i i ) Local i zed Pl astj c

(jii) Recommended Values

Machining Effect:

is presented in three subsections:

Flow Effect.

of r.

The relaxation strajn due to machining, er: wâs determined by

extrapolating the l'inear strain-stress relat'ions to zero stress level

and measuring the intercepts. F'igure 5.9, determined from Figure 5.5,

shows the varjation of e* with the drilling clearance, cd. The dril'ling

clearance is the distance between the hole edge, where maxjmum machining

stresses exist, and the near end of the gage matrix. Sjmilar results

could not be obtained from Figure 5.6, due to unknown error that reflects

only on the intercepts. It should be mentioned that the highìy localized

nature of machining stresses together wjth the expected variabjlity in

their magnìtude near the edge demands prec'ise locations of the strajn

gages to be measured. Therefore, the parameter cO is beljeved to be

more adequate for th'is purpose.

It can be seen from Figure 5.9 that if the drilling c'ìearance js

kept greater than or equal to 0.16 in. (4.0 mm) the machining effect may
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or

be negìected (r,n = 0). For smailer crearances the values of e, may be

determjned direct'ly from the dìagram. If gages v¿ith d'ifferent gage ìength

are used, cd may be repìaced by

cj =.d*fteL-0.05),in.

5.9

cj = .d*|tor -r.zt) ,mm

where GL is the gage ìength. This is valid'if the machin'ing stress dis-
tributÍon over the gage ìength courd be assumed linear.

Experiments on specimen II made use of the foregoing results.
.d was equal to 0.153 in. (3.88 mm) when the largest size hole was

drilled and since a gage rength of 0.rz in. (3.0 mm) was used, the

maching effect e,n will be negììgible.

The value of the pararneter À may be calculated once the drilljng
clearance' the gage'length to be used and the hole size are selected.

Therefore,

100

5. 10À - ¿/[co*åo*]eit

ii. Localized Plastic Florv Effect:

Having eliminated the effect of machining stresses .in experi-

ment II, on]y the effect of localized plastic deformatjon remains to be

studied. An examination of the resurts of Figures 5.7 and b.g suggests

the fol 'lowi 
ng :

a- As the stress exceeds a certain value, the strain-stress relations
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generaliy dev'iate from ljnearity, causing the absolute value of

relaxation strain to increase. The "critical stress" at which the

deviation starts'is dependent on the hore sjze and strain gage

location, or more convenìent1y, cd. The locus of the "critical
stress" that can be measured without error due to localìzed plastjc

yielding at the hole edge js shown, in both figures, to be a functjon

of the gage orientation,'i.e., the angle o. It may be seen that

these loci are asymptot'i c to r/z and 1/3 the yjeld strength ìn the

paral I el and transverse di recti ons , respect'i veìy.

The interpretat'ion of the experimental results may proceed from the

principles enunciated ìn Figure b.3. Thus, it may eas'iìy be deter-

mined that,'in Figure 5.8, â stress of 0.7s oup may be overestimated

by as much as 30 percent (if r = 0.9). The trend of deviation pre-

dicts that the error will drastically increase as the stress approaches

the yield strength. Parallel gages, Figure 5.7, show a coryesponding

error of approxìmateìy 10 percent. Therefore, transverse gages are

not recommended in measurements of stresses hìgher than one third the

yield strength of the materíal.

Figure 5.10 i's constructed from the results of Figure 5.7. Each curve

represents the true value of stress o* and determines the corresponding

relaxatjon component eo for values of co. The critjcal stress, that

can be measured without error, i.e., .p = 0, ffây be determ.ined at

different values of co by interpolation between the gìven intercepts.

A similar set of curves can be constructed for transverse gages or

gages at any angle.

c.
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d. When measuring stresses l'n excess of half the yìeld strength of the

materjaì, as cO increases, À decreases and the error due to pìastìc

yìeldìng decreases too. 0n the other hand, the relaxation coeffjcients

become smaller. Therefore, the reduction of À does not offer a

pract'icaì solution to the problem and a compronlise is necessary.

ìii. Recommended Values of À:

After correcting for the driì1ing and prastic flow effects, the

relations between the strajn and stress may be represented by a set of

straight lines, one ljne for each value of the parameter À. The strajn

rel axati on 'is determi ned by subtract j ng the i n'iti al stra'in , determi ned

by the elastic line at any stress level. Therefore, the values of the

relaxation coefficients can be determined by direct substitution in

Equatjon 5.5. The experimental relaxation coefficients were determined

for radial and tangential gages and compared to the theoretical values

at different values of l. The comparison was sought in terms of the

error in evaluat'ing the stress when using the theoretical value of Kr.

The results for both specimens are shown in Figure 5.11, from which it
can be seen that values of À of less than 0.5 are not recommended as

error exceeds t10 percent. However, it can be observed that the errors

in the results of specinren I are generaìly higher than those of specì-

men II. This jncrease in error may be attributed to the observed non-

uniformity of bending stresses. An uncancelled bending stress wi'll

virtualìy alter the sìope of the straìn-stress line, resulting in a

correspondìng error in the experimenta'l value of Kr. It follows that a
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less conservat'ive limit for an error of tb percent would be À = 0.5.

Extrapolation indicates that the upper limìt of r is approximate]y 1.2.

It may also be noted that the para'ì1ei gages have a slighily
better accuracy than tnansverse gages. This d'ifference may be due to

the transverse sensjtivity of electrical resistance strajn gages. Several

studies were conducted to assess the effect of transverse sensitivity on

the evaluated strain gage measurement IBB,89,90,91]. l{u's results lBBl

in partjcular, indicate that a transverse sensìtivity coeffic'ient of Z-3

percent, which is a common value for smaller strain gages, flâV produce an

error of up to 9 percent in the measured value of Poisson's ratio of

aluminum alìoys. In a later investigat'ion, Beaney t90l has shown that

the error i n the numerical'ly I arger prì nci pa'l stress cal cul ated f rom a

strajn gage rosette or from a pair of gages can be of the order of 1.3

*.times the cross sensitìvity of gages. Therefore, that type of error will
certainìy 'ìead to some difference between read'ings obtained by paralìeì

and transverse gages. This may expìain the slightly better accuracy of

parailel gages. In vjew of the slight devjation that was observed jt
was felt that the effect of transverse sensitivity may not be taken jnto

accoun t
The val'ues of ¡, may be selected to reduce the error to an jn-

s'ignìfjcant value. However, it has to be a compromise based on the error
'in measuring the stress and the correction values. Considering a totaì

error of 2 percent whjch corresponds to 1000 ps'i in b0 ksi, 'it appears

that for aluminum alìoys, the hole-driìling technique ìs comparable in

precision with the X-ray or other techniques.
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5.2.6 SUMMARY

The modified hole-dri1'ling procedure improves the pract'ical value

of the technique which extends the measurement to thìn pìates as well as

thicker p'lates. The procedure for radial gages may be summarized in the

fol I owi ng poì nts :

1. Calculate the parameter I = d/r.

2. calculate the relaxation coeffic'ient K,^ from the first of

Equatìons 5.6.

3. usìng cd = F - (d + cL)/z and the gage 'length calculate co from

Equatìon 5.9 and determine em from Figure 5.9.

4. Set e- = 0.
u

5. Correct the measured strain relaxation eT according to Equation 5.8.

6. Usìng Equation 5.5 estimate the stress from

ox = rR.E/Kr(Â,e) 5.11

7. If the estimated stress exceeds half the yie'ld strength (for o = 00)

use Figure 5.10t0 fjnd the value of the correction strain eO and then

repeat steps 5 to 7 to obtain a better estimate of the stress. A

number of iterations may be requìred ìn case of residual stresses

approaching the yìeld strength.

This procedure is expected to yieìd measurements within t5 percent.

For jnstance, a stress of 30 ksi in aluminum may be measured to within

t1500 psi.
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5.3 RESIDUAL STRESSES DUE TO EDGT DIMPLING

5.3.1 EXTINSIO[ TO BIAXIAL STRTSS MEASUREMENT

Several studies have been reported relat'ing to the measurement of
biaxial resi dual stresses by the hol e dri ì'l'ing technique [78, 81, 82, 83] .

The modified hole-driìfing technique may also be used for this purpose

aìthough the relaxation coefficients are determined in a uniaxial stress

field. The measured relaxation is a composite of that due to o* and or.

Two distinct situations pertaìning to biaxial stresses may exist
depending on whether or not the prìncìpaì directions are.known: (.i) un-

known prìncipal directionso and (i j ) known principa'l d.irections.

i. if the principal directions are not known, it is necessary to use

three strain gages (a rosette) to determine the stress field. l^Jjth refer-
ence to F'igure 5.12, each stress component wil'ì contrjbute to the net

rel axati on , eRi :

t<r (1, 0.' )
tRi= E ox + Kr(À,90 - oj)

5.12

= â, b, or c designates the strain gage locat-ion.

be determined by Equatìon 5.6 in terms of 0u, as 0b

to 0u by the rosette angìes. The simultaneous

5.12 will determine the values and orientat.ion of

of prìncipal stresses are known, generalìy two

to determine the stress field. Three different

o
J

where the subscnipt 'i

Values of Kr(r,o) may

and o. may be related

solution of Equations

principaì stresses.

lr. If the dìrections

strain gages wiìl suffice
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approaches may be followed:

a. Two gages located at right ang'le (o = 0o and e = g0o), i.e., along

the princ'ipa1 directions will'indicate the strain reraxations

5. 15

c = 
K"(^,0) - * 5(^,noo)uRx-- E ox- E oy

5. 13

_ Kr(À,0) Kr(r,goo)
tRy --l- oy ' r o*

b. Two gages'in line along 0 = 00. This arrangement may be used when-

ever it'is not possible to place strain gages in the y-direction.

The two strain gages, placed at different radji ru and rO, wì.I1

yield relaxations:

_ Kr(Àu,oo) Kr(^u,goo)
tRa- 

E o*t-- 
E oy

ê =Kr(Àb,oo)_ *Kr(ro,goo)_ 
5'14

tRb- 
E 

o** 
, 

o,

Define a parameter cx(r) as the ratio of the relaxation coeffic'ients

at any value of ¡,:

"(r) = Kr(r,9oo)/Kr(À,oo)

Substi tuti ng Equatì ons 5. 15 i nto 5. 14

_ K.(lu,oo) 
-.Ra = -t-ï- [ox + cr(ru).oUJ

5. 16

_ K.(^b,oo) 
_.Rb = -ï lox + a(r5).orJ
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To obtain a solution, o(Àu) shou'ld be substantjalìy d'ifferent

from o(iu). However, in the pract'icaì range of À, cr(1,) maintains

approximately a constant value. Th'is coroìlary can easìly be con-

cluded from Figure b.1. Thus, to obtajn reasonable results us.ing

this method, one gage has to be placed jn the close vicin'ity of the

edge where a(,r) t O and the other.where "(r) . 0. But due to high

machining stresses this approach becomes impractìca1 unless stress-

free hole machìnìng 'is empìoyed. At the present tìme, methods of

stress-free metal removal are difficult to adapt to the genera'l run

of machinìng procedures and exhibit some difficulties in control of

the hole location, size and depth.

c. One gage at 0 = 00. In certain cases, the biaxiality of the stress

field is known. That is

oy - ß"o* 5.I7

where ß is a ratio known from previous testing or approximate analysjs

of residual stresses. Substjtuting Equations 5.17 and 5.i5 into the

fi rst of Equati ons 5. 13,

K_(À,oo)

'Rx 
= 

=- 
[1 + e.o(r)].o* 5. 18

Therefore, one stra'in relaxatìon reading at (r,00) will suffìce to

determine the residual stress. This approach is preferred whenever

a limited number of straìn gages has to be mounted or whenever it is

not possible to mount transverse strain gages.



In the current investìgatìon, the prìncipaì

and the numerical solution of residual stresses due

provides some estimate of the biaxiality ratio at al

ments. As a result the latter approach w.iìl be used

residual stresses due to edge dìmpling.

II7

directions are known,

to edge dimpling

ì points of measure-

in determjning the

5.3.2 ADDITIONAL CONSIDERATIONS

Before proceeding wíth the experìmental solution, it 'is necessary

to consider several constraints associated with the appìication of the

modjfied hole-dri'lling technique to the measurement of uniax'ial stresses.

These are:

1. The plate width should be at least 5 times the hole diameter and

the d'istance froni the hole to the near edge should be at least 2.5

times the hole diameter.

2. There is on'ly one hole in the plate.

3. The stress should be uniform.

Practically, it is inevitable that these lim'its wjll be violated

partìcuìarly when sufficjent measurements are required to determine the

stress distributjon in a finite p'late. Therefore, it becomes necessary

to establish some ìeg'itimate departures from the limjtations. This

necessitates consideration of the follow'ing prior to experìmental

sol uti on :

. The effect of hole location.

. The effect of interaction between holes.

. The effect of stress gradients.

I

ii

iii
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THE EFFECT OF HOLT LOCATION

Savjn l9?l consjdered the case of a semi-jnfin'ite pìate wjth a

hole of diameter d at a distance D from the plate edge subiected to

a unjform stress of p , âs shown jn F'igure 5.13. The values of stress

concentration coefficient defined as o*/P are given (in the table

attached to Figure 5.i3) for three different points 0, A and B, at the

plate edge, the near hole edge and the far hole edge, respectively.

From a careful examinatjon of these values it appears that there is only

a critjcal region in the narrow section 0-A at which the stress distribu-

tjon'is greatìy disturbed (as compared to the case of a central hole).

For small values of D/d s I, the disturbance causes the stress concentra-

t'ion coefficients at A and B to dìffer by more than 9 percent. For hìgher

values of D/d the djfference is continuaìly reduced to zero. For instance,

at D/d = 1.55 the difference is onìy 3 percent and the stress concentration

coefficient at B differs by only 2 percent from the nominal value of 3.

This convergence jndicates that the strajn at point C in F'igure 5.13 will

be essentiaì'ly the same as that of a central hole case. Peterson [93]

reproduced results of Mindlin and Udeguti in the same case, whìch ind'icate

that for values of D/d of approxinrateìy 1.5 or more the deviation from

the centered hole is small. The probìem of stresses at the edge of an

excentrjca'lly located hole in a fin'ite plate under tension was solved by

Sjöströnl in 1950. His results t93l show that an excentric hole in a

finite pìate has a stress concentration coeffic'ient at A whjch is closer

to the infinite plate solution of 3. It may, therefore, be reasonable to
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keep the

shal I be

along the

Figure 5.

distance D to a mjnimum of 1.5d. In any case' no strajn gages

placed jn the narrow regìon 0-A. strain gages may be placed

centreline y = d orin the regìon to the left as shown ìn

13.

ii. THE EFFTCT OF INTTRACTION BTTWEEN HOLES

The prob'lem of a plate under uniaxjal or b'iaxial stresses con-

tajning two c'ircular holes of equal diameter, d, was dìscussed by

Savin t931. In the case of tensjle stress P , âs shown jn F'igure 5'14'

jt has been shown that the stress concentration factor changes with the

change of the centre distance ratjo y = C/d, where C is the centre

distance. Numerjcal values of stress concentration at points A and D

are gì ven 'in F'igure 5. 14. The resul ts j ndi cate that the major di sturbance

of stress occurs jn the region between the two holes. It appears to be

'largely reduced for 1 > 5 1931 . If transverse stress is small, 'it seems

justjfjable to assume that the disturbance of stress field along the

line y = tC/Z due to the presence of the alternate hole is neglìgible.

Therefore, the minjmum centre distance between two holes may be taken as

twice the hole size to ensure the independence of strain relaxatìons

measured in the vic'init'ies of each hole. In case of more than two holes,

.it becomes necessary to keep the centre d j stances as l arge as poss'ibl e.

The study of strain relaxatjon coefficìents obta'inable at various loca-

t'ions (r,o) around a hole drilled in the stress fjeld o* ìeads essentially

to the same conclusion. Figure 5.15 shows a plot for the iso-relaxation

ljnes, i.e., lines connectjng a1l locatjons having the same rad'ial
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relaxation coefficients. it is constructed from the data gìven 'in

Figure 5.1. It can be seen that w'ithin the recommended range of l, the

highest relaxation'is obta'inable at zero angle wjth the direct'ion of o*'

For ìnstance, consider po'int A where ). = 0.72 and Kr(À,O) = 0.312. A

radial gage p'laced at the sanle distance from the Y-axis but at greater

rad.ius from the hole centre will have a decreasìng re]axatjon coefficient

as y increases unt'il jt finally vanishes at po'int B, as shown jn

Figure 5.15. At point B, À wil'l drop to 0.21 and the angle will approx'i-

mate 550. If we consider a gage at B oriented to any direction' jts

rel axati on coeff i ci ent w'i l l practi cal ìy be zero. Theref ore ' a stra'in

gage at B rad j al ìy ori ented towards a new origi n 0' w'i I I not be

sensjtive to the drjlling of the hole at 0. Conversely, the gage at A

wjll not be sensitive to the drilling of a hole at 0'. Since the

sensitivìty of the gage wi'l'l not sìgnificantly change if the distance AB

or 00' increases the minjmum centre djstance, 00-', may be taken as 2d

wh-ich wi I I be suff j c.ient to ensure i ndependence of strai n gage readi ngs

withjn the recommended range of ¡,. The iso-relaxation plot of Figure 5.15

may be used to determine'iso-relaxation lines for any biaxialìty ratio'

iii. THE EFFECT OF STRESS GRADIfNTS

Ina

Salerno lBll

components.

grad'ient and

stress vari es

I inearly-varying biaxial stress field, Cordiano and

have shown that the relaxation strain consists of three

These components represent the uniform stress, the stress

the shear stress at the po'int of measurement. If the

only .in the y-d'irec'"ion and measurements are taken 'in the
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x-direction, the last two components dìsappear. Therefot e, the effect of

stress gradient is elim'inated and the rneasured quantìty wjll be the average

value of stress at the hole centre. It follows that whenever it'is reason-

able to assume the uniform'ity of stress in one d'irectjon, the measurements

may be made d'irectly along this directjon without regard to shear stress

or stress grad'ient. In such cases, either two measurements along the same

axis have to be taken or the b'iaxial'ity ratjo has to be assumed' In case

of nonl'inear stresS grad'ients, smaller strajn gage-hole assemblies have

to be used to make possible the assumpt'ion of lìnearity at the point of

measurement.

5.3. 3 EXPERIMENT

The experimental procedure for determ'in'ing the resìdual stress

distribution in edge-dimpled 2024-T3 aluminum alloy spec'imens ìs descrjbed'

Sjnce the measurement technjque requires large specjmens w'ith enough space

to permit a sufficient number of measurements to be taken' it was necessary

to reproduce the same residual stresses 'in scaled-up specimens' This was

easì]y done by scaling up the edge dimp'ling apparatus and material th'ick-

ness while all the other non-dì¡nensjonal parameters were maintained un-

changed. Spec'imen d'imensìons and strain gage layout are shown in Fìg-

ure 5.16. The hole and gage locations were selected in accordance with

the generaì recommendat'ions perta'in'ing to the hol e dri l1ì ng techn'ique

fsectìon 5.2.5(i'ii )] and the consjderations discussed 'in the preceding

secti on lsecti on 5. 3.21 .
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Two dri I I 'ing sequences may be uti I i zed :

a. The inward drill'ing sequence (I.D.S.) in which the first hole is

dr.illed at the farthest locat'ion from the dimp'led region and then

the dri 1 ì 'ing 'is cont'inued towards and i nto the dimpl ed regì on '

b. The outward driling sequence (0.D.S.) 'in which drilling starts

inside the dimp'led regjon at the nearest locatìon to the edge and

then i s sequent'ia1 1y cont'i nued 'in the other I ocat j on.

It is found that coffection for stress redistribution is easier

if the 0.D.s. ìs followed. Hence'it is used as a basis for the deter-

mjnation of stresses. After each hole is drilled stra'in gage read'ings

are recorded for all the hole locations. After the dri1lìng'is completed

a travel'ling m'icroscope is used to check the hole size and the eccentri-

city of dril1ing. It is found that the hole diameter is, on the average' 3

percent greater than the nominal size of the drill whjch js within the

allowance of a medium accuracy drill'ing operation [94]. The distance

between the hole centre and the stra'in gage centre'is measured for each

hole locatjon. Any gage wh'ich, because of eccentric driliing, has a

drilling clearance of less than the perm'itted value of 1.5 mm is not

considered in the averaging of values for the particular hole'

5. 3.4 RESULTS AND ANALYSIS

The measured relaxations of strain at each drì'llìng step and for

all hole locatìons are given'in Table 5.1. Because of the placement of

straìn gages, and according to the discussjon of section 5'3'2' the strain
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TABLE 5.1

THT MEASURED RELAXATION STRAINS
FOR O.D.S. SPECIMEN

(MICROSTRAIN)

Hol e

Locati on ß

Drillìng Sequence

5 AT J 2 i

i -.41 +19 +14 -7 106

2 0. 30 -4 -4 +37 -66 -3

J 0. 13 -JJ +?7 -308 0 -J

4 0. 07 -54 -58 +18 -1i o

5 0 +448 +28 +25 -16 0

m Relaxat'ion of the rema'inìng straìn.
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read'ings at a particular hole resu'lt'ing from drilìing at any other loca-

tion are not true relaxation strains. They are due to stress redjstri-

buti on resul t'ing f rom dri I I 'ing and must be corrected '

As a first step and neg'lecting the transverse stresses, the

apparent stress changes may be calculated from Equatìon 5.11 as drilling

takes place or from E.Ae* for changes of stress before drilling in the

respective locat'ion. Values of the apparent stress are given jn Table 5.2

wjth the estimates of the residual stress at the points of measurement.

The residual stress, ox, at any hole locat'ion is estjmated from

=Õ'-xaoXXX
5. 19

5.20

where o* is the estimate of residual stress

oi is the remaìn'ing residual stress at the time of drillìng the

hol e

rao* is the sum of changes of the residual stress due to redistri-

bution of stress prior to dri'lIìng the hole, ao* = E'le*'

In a biaxìal stress field (o*,oy), a change 'in stress of Ao*

and Ao., results in a strain AsX aS measured by the strajn gages,'givenv,\
by:

ar* = å loo*

5=L=Q
Ao* ox P

- v Aorì

the redistribution of stress is proportional to theif we assume that

stress, then:

5.2t
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TABLE 5.2

APPARENT STRESS CHANGTS

AND RESIDUAL STRESSES, PSì

Ao* = E'ne*

EtR

m= Kr(r,e)

o*=oi-xÀo*

Res i dua I

Stres s

Drj I l'ing Sequence

-3,601

+ 1 ,878

+1r,424

+2,452

-17,853

+2,186

+t!,297

- 17,853
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and Equation 5.20 becomes

oo* = E.Ae*/(l - vß) 5'ZZ

The remaining stress, cf; , 'in a biaxìal stress field is determined by

substituting the net. strain relaxatìon, OR, (as driìf ing takes place)

and the biaxjaìity rat'io ìnto Equation 5.18. Therefore'

E'tR
5.23

Kr(r,o) [1 + ß'o(À)]
t_d-

values for the b'iax'iality ratio' ß ' were determined from the

finite element solutìon of the problem discussed 'in Sect'ion 4'2'3'

values of ß are given in the second column of Table 5.1' It was found

that transverse resjduaj stresses d'isappear in the vjcinity of the edge

and reach their maximum values outsjde the d'imp1e region' The changes

of stress and, hence, estimates of the res'idual stress are calculated

with the bjaxiafity taken jnto account using Equations 5'22,5'23 and 5'19'

The results are given in Table 5.3. However, it can be seen that the

influence of transverse stresses on measurements js insignificant'

An exam-ination of column 3 of Table 5.3 which gives the changes

of stress due to the driìiing of the hole at locat'ion 5 indicates that

the change of stress at any'location is proportional to the residual

stress except for location 4 where a very steep stress grad'ient exjsts'

Therefore,itisreasonabletoassumethatasimjlarreductionofstress

at the location of drilling has taken place during the act'ion of dri11ìng'

Th.iswjll,ìnturn,resultjnanerrorìnestimatìngtheres.idualstress
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TABLE 5.3

CHANGES OF STRESS AND RES]DUAL STRESSES (PSi )

t,JITH CONSIDERATION OF BIAXIALITY

Hol e

Locati on

ß

"(r)

Drilling Sequence Res'id ual

Stress5 4 a
.) 2 i

i
- 0.41

-0 .492
+r77 -28 +130 -65 -2,997 -3,zlL

2
0. 30

-0. 446
-47 -47 +435 +2,524 +2 ,183

J
0.13

-0.453
-366 +233 12,004 +r2,r37

4
0. 07

-0.443
-586 +1,940 +2,526

5

0

-0.457
l-17,853 -17,853

E.r^
L ¿\F- vuox - ff=v.ßI
E'tR . I ì

t-------l

Kr(l,o) t + ß'cr(r)

I _,o =ox-¿Aox
X
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at the location of drì1ìing. To rectìfy this error assume that the

remai ni ng res'idua1 stress prì or to dri 'l 'l 'inS , of , drops bV nol durì ng

drìllìng ìeaving a ner residual stress o/ g'iven by

tt = nI - ^^t 5.24o* =oi -oo;

Therefore, the relaxation strain wjll have two components; one is due

to nol and the second i s due to o{ :

Therefore,

_ ooi , o{'t<"(r,e)
rR - E --- t-

-,=t'to*ooi'x t<"(r,o) t<r(r,o)

5.?5

5.26

Using Equat'ions 5.24 and 5.26, the true remainìng stress before driìling

the hol e w'il I be:

o! = ..E,-IR,, * Ar.rtrl - ,1 .l 5.27"x ç6lt '^'x L¿ K.(r,o)

where no{ 'is the drop in residual stress. It is evident that neglecting

the second term of Equatìon 5.27 results in an error proport'ional to 
^ol

In b'iaxial stresses Kr(À,0) nray be replaced by Kr(1,0)'(1 + e'cr(r)). The

drop ao{ may be est'imated from stress reduction at other locations.

Table 5.4 g'ives the percentages of stress change. Assuming a drop

ooi = 0.03 o* at the first hole locatjon and substituting this into

Equatìon 5.27 obtaìn oj = 20,400 psi (136 MPa). In other locatjons it
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TABLE 5.4

PIRCENTAGE REDUCTiON OF RESIDUAL STRESSES DUT

TO THE RIDISTRIBUTION

Hole
Locati on

Drjllìng Sequence

1 2 J 4 5

1 -5.5 +0 .9 -[, 2 +2.2 7

? -2.2 -2.2 +20. B 7

J - 3.0 +2.0 ?

A
I -23.2 ?

5 ?



128

seems that due to the red'istrjbutjon of, stress, the peak stresses swlng

right and left resulting in no clear trend of change. Therefore, the

correction was not made except for the first hole location'

The final results are pìotted in Figure 5.17 from which ìt ntay

be deduced that the stress distributjon 'is nearìy balanced'

5.4 COMPARISON OF RISULTS

comparison of experìmental and analytical results is shown in

Figure 5.17. The results 'indìcate good agreement jn the edge region

wh.ich js the most critical to fat'igue. it also indicates that the loca-

t-ions of peak tensile stress are almost jdentical. However, the peak

values differ. This difference will directly 'influence the prestress

limit at which'inelastic deformation starts' It can be seen that this

limit will drop from 0.65, the y'ield stress, to a figure in the vicinity

of 0.5. Slight djfferences in the results are observed in the interior

region. These differences may be attributed to the approximate nature

of the analytjc solution. The idealization of the stress-strajn relations

and.its effect on the dìmp'ling strain dìstribution, as illustrated in

Figure 4.5, wjll reflect on the resjdual strajn distribution. Thjs in

turn will most probably be the cause for this anomaly ìn the'interior

regìon. However, jt should be jndjcated that the agreement ìs very

reasonable'in the edge region as the idealìzaiton of the analytjc solution

is not 1ikely to influence the edge residual stress.
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5.5 SUMMARY

The study presented in th'is chapter describes a modified hole-

dri I l-ing techn'ique which el ìm'inates the major di sadvantages associated

w j t,h the conventi onal hol e-dr j 'l I ì ng procedure. The mod'i f i ed techni que

was emp'loyed to measure the resjdual stress distrjbutìon due to edge

dimp'l.ing. Due to the nature of this distribution and the poss'ibility of

stress gradients'in the thjckness direct'ion, the technique was used to

determ'i ne the average resi dual stress 'in the spec'imen. The b'iaxi al i ty

of pìanar stresses dìd not seem to have a significant effect on the

measurements. The experimentally determined residual stresses were

found to be in good agreement with those obtained nume¡ically by the

finite element method. At this point, the residual stress distribution

due to edge dìmpling is determined quantitatively and qualitat'ively and

ìn the following chapter we will proceed to the assessment of fatigue

strength 'improvement and its relation to res'idual stress'
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CHAPTER 6

EXPERIMENTAL FATiGUE TTSTING PROGRAM

6.1 OBJECTIVES

An experimentaj program was carried out to assess the fat'igue

strength improvement by edge d'imp1ing. The main obiectives of the program

were:

a. The optimì zation of the edge dimpl ing procedure' S'ince edge dimp'l'ing

involves several parameters which controj the magnìtude and distribu-

tion of res'idual stresses and, hence, fat'igue strength of the material '

it js necessary to determ'ine the best combination of parameters that

is most beneficjal . Therefore, 'it 'is desirable to fjnd the optìnum

value'orrangeofvalues,oftheaverageedgestra.inwhichgivesthe

greatest fatigue strength 'improvement. It is assumed for the purpose

of th j s di ssertati on that thi s opt'imum characteri stj c parameteLis

.independent of the fatigue stress level. Once an optimum average

edge strain is determined it will be fixed during the entíre testing

program.

b. The determìnatjon of fat'igue strength 'improvement due to the optìmum

di mpì ì ng procedure. Th'i s j s ach'i eved by comparing the resul ts of

d-impìed and undimpìed specimens with s-N data obtajned for p1aìn

spec.imens. The testjng is jntended to be in the h'igh cycle regìon

as the influence of resjdual stress in the low cycle range seems to

decay due to gross plastìc flow [95]'
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The study of the effect of preloading (prìor overloading) on the

fat.igue strength improvement. This provides a simulation of gust

loads jn an actual load spectrum. The results are believed to reflect

the effect of dimpling 'in actual servìce loading'

The correlation of fat'igue improvement and residual stresses as

determined 'in ChaPters 4 and 5.

6.2 EXPIRIMENTAL PROGRAM

6.2.1 TEST SPECIMENS

Prel'iminary fat'igue test'ing using conventional dog-bone shaped

specimens have shown that due to the strengthening effect of edge d'impiing

failures always occurred outside the test sectjon (for instance' at the

grìps). Therefore, to obtain meaningful data, specimens had to be re-

des.igned to cause fa'ilures to occur at a specific test sectjon' It was

necessary to notch the spec'imens at the middle section of the dimpled

area where the largest residual stresses exist. subsequently' notched

specimens did not have to be of the convent'ional curved type and rect-

angular specìmens were used. However, convent'iOnal specimens were used

to obtain the control data for unnotched material' To assure that the

comparison between specimens having different shape is stìll valid'

comparat,ive tests were performed using notched specimens of both types'

The results are reported in Appendix 4.1. It was concluded that there

was no s'ignifjcant difference between notched specimens of both types'
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Furthermore, it is beljeved that the fatigue strength improvement obta'ined

in notched specimens is representative of ìmprovement jn unnotched speci-

mens.

Accord'inglv, two d'ifferent types of spec'imens were used' Detaìl s

of shape and dimens'ions of each are gìven in Figure 6'1' Type-A specìmens

were used to obta-in comparatjve data with and w'ithout d'impling in all pre-

lirninary and primary test'ing whìle type-B spec'imens were used on]y to

determine reference data for p1aìn specimens' Specimens were made of

20?4-13 alclad aluminum a11oy. The nonlinal chemjcal composition and

mechanìcal propert'ies of this materjal are g'iven in Tablq 6'1' Specìmens

were oriented in the rolling direction and were machined in batches under

sjmilar machin'ing conditions to minim'ize the effects of varjabi'lity in

machining on the results.

6.2.2 TEST EQUIPMENT

All fatìgue testing was performed on a sonntag-Baìdwin fatigue

testing mach.ine model sF-1.u at a test frequency of 1800 load cycles per

minute (30 Hz). The machine is a sìng1e rotating we'ight type and has a

capacity of 1000 t 1000 pounds. F'igure 6.2 1s a view of the test'ing

machjne loaded wjth a type-B specimen. closer view of the clamping system

is shown in Figure 6.3. It whould be mentioned that the holes in the

cìampìng area of spec'imens type-B are used only for clamp'ing purposes

and all of the load is transmitted through frjction between the grìps

and the specimen
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TABLI 6. 1

NOMINAL CHEMICAL AND MECHANiCAL PROPERTIES OF

2024-T3 ALCLAD ALUMINUM ALLOY SHEET

Ref. Metals Handbook, ASM Part 1, Ed. B.

Nominal Chemical Properties

4.5%

1.5%

0.6%

Cu

Mg

Mn

Nominal Mechanical Properties

Ultimate Tensjìe Strength 65,000 psi. (450 MPa)

Yjeld Strength 45,000 psj. (312 MPa)

Hardness (Rockwell E) 90-100

% E1 ongati on ( 2 'tn. G .L . ) 18

Modul us of E'l asti cì ty 10.6 x 106 ps ì . ( 7. 3 x io4 Npa )
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I. JU

Figure 6.2 Sonntag Ba'ldwi n

(Mode1 SF-l-U)
fatigue testi ng mach'ine
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6. 2. 3 TEST l'}R0C_EDURt

Groups of specimens each containìng at least five units were tested

at several stress levels. Zero-to-tension load uras appf ied w'ith a nominal

fatìgue stress ratio of zero. The fatigue stress ratio is the algebra'ic

rat.io of the m'inimum stress to the maximum stress in one load cyc1e.

All specìmens were cycled until complete rupture at the test

sect'ion. In the'long life range the test was terminated at ten milljon

cyc'les even if comp'lete fracture had not occurred. specimens wh'ich run

out at this arbitrary limit of cycling are indicated as runouts. However'

specimens may fracture outsjde the test section and thus create a dis-

crepancy. The specìmen life, in thjS case, does not represent the life

of the specìmen but rather it indjcates an earìy termjnation of test'ing

w.ith respect to the test section. Suffìcient data may be collected by

test.ing extra specimens but such data points are distingu'ished'in the

resul ts.

Eight different fat'igue test series were planned to fulfiII the

objectives of the experimental fatigue testing program.

Ser.ies 1 tests were carried out for pref imjnary opt'imization purposes.

Thirty type-A specimens were dimpled to different levels. The control

parameter which was the average edge strajn was selected'in the range

from 0 to 2.25 percent. The lowest value was for undimpìed specimens

wh.ile the highest value was determined by the practicai ljmjt for

maintain'ing the specimens fl at after dimpl ì ng. Thi s I'imi t was deter-

mi ned by vi sual i nspection of spec'itnens. Al'l specimens were notched



139

and tested to failure at the same stress level of 23 ksi (t6Z Upa).

An opiìmum dimpìing was determined from this test serjes

Series 2, 3, and 4 were carrjed out to measure the improvement in the

fat'igue .strength reduction factor, FSRF, which could be obta'ined in

an edge notched specimen by edge d'impling. The FSRF'is the ratjo of

the fatigue strength of a specimen wjth no stress concentratjon to

the same wl'th stress concentration. Three S-N curves were obtained

for notched, dimpled-notched and pìain specimensn respectiveìy' tach

series contained a minimum of five different stress levels'

Serjes S to B were conducted to ìnvestigate the effect of preloadìng on

edge dimpìing. In Series 5, spec'imens type-A were dimpled to the

optimum dimp1'ing strain and then pre'loaded to prestress ratjos of 0"

0.4, 0. 6, 0. B, 1'. 0, 1. 2 and 1 . 6. The prel oaded samp'l es were cycl ed

to failure at the same stress level. From the results of Series 5

three different prestress levels were selected below, equal to and

above the yjeld strength of the materjal. Preloaded specimens were

used to obta'in a ful'l range S-N curve for each prestress value. Test

series 6,7 and B were carried Out tO Obtain the three s-N curves.

6.3 RESULTS AND ANALYSIS

The results of the fatigue testing program are pesented and statjs-

tjcally analyzed in Appendìx A in fjve sectjons'

The results of prefiminary optimjzation are gìven'in Appendix A'2'

The analys'is jndicates a conÙjnuous fatigue ìife improvement as the average
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edge strai n 'increases . A'l though the resul ts do not i nd j cate a peak

ìmprovement the optimurn aVerage edge strain, as determjned f',"0m practicaì

consideratjons, may be taken as 2 percent. This optìmum value was used

jn al'l dÌmp1ing.

The results of fat'igue test series 2,3 and 4 are reported in

Appendix 4.4. The results are fitted to three S-N curves as shown'in

Fì gure 6.4. Each S-l'l curve represents the best f i tti ng express'i on of

the form

S - S.*A(ru+a)-m 6.1

to the experimental data, where s is the maximum fatigue strength for

a gìven number of cyc'les N and S., A, B and m are parameters'

The results of fat'igue test series 5,6,7 and B are reported ìn

Append'ix 4.5. The resultìng S-N curves for the selected values of pre-

load are plotted in Figure 6.5.

6.4 DISCUSSION

6.4.1 THT FATIGUE STRENGTH IMPROVEMENT

The results of fatigue testing shown in F'igure 6.4 indicate a

consjderable ìmprovement jn fatigue strength. The improvement in fatigue

strength is plotted against the fatigue'life in F'igure 6'6' The improve-

ment in fatigue strength'is simply determ'ined by the ratio of the change

jn fatìgue strength to the sti ength of undìmpìed specìmens' It increases

w'ith the increase of fat'igue lìfe and ìt appears to reach a peak value at

a ljfe'longer than ten million cycles. The fat'igue strength is almost
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doubled at this ljfe. As the life decreases the strengthening effect of

d-impì 
.ing .i s reduced to approximately 63 percent at 100 k'i I ocycl es . Lesser

strengthening is expected in the low cyc'le fatigue range' The advantage

of dimpl-ing'is lost by the redjstrjbution of resìdual stresses due to

pl ast'ic f I ow at h j gh l oads . ,However, 
rough extrapol ati on of the curve of

Fìgure 6.6 jndicates that some 15 percent'improvement in strength would

sti I I be feasible at 10 kjlocycles. The nature of resjdual stresses

created by edge Cimp]ìng'in the jntermediate cycle range, however, requìres

further investigation ìn order to come to a solid conclusjon of whether or

not dimpf ing has a favourable effect jn that range

The improvement may be expressed'in terms of the decrease jn the

FSRF as shown jn Figure 6.7. Thjs decrease approaches the 50 percent

fìgure at 10 million cyc'les to faìlure. Thjs parameter jndjcates the

same trend of variat'ion of the strength ìmprovement parameter but it

exhjb.its a narrow range of variat'ion. Further examinatjon of the varia-

tjon of the FSRF wjth life as shown in Fjgure 6.8'indicates that the FSRF

of djmpled specimens is practically independent of the fatigue life' Thjs

.imp'l.ies that a single value of FSRF of dimpled specìmens determjned at an

arbitrary ìife may be suffic'ient to obtain the full range S-N curve from

available data for p1a'in materjal. This tendency of havìng a constant

FSRF js observed in the cyc'le range from 100 kiìocyc'les to 10 milljon

cycl es .

It should be renlarked that a h'igher percentage of improvement may

be obtai ned j n practì ca'l appì ì catì ons of edge treatment. If eclge dimp'ì 'ing
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is performed on the edge of a wide p'late rather than a narrow specìmen

the ¡igidìty of the undimp'ìed region wi'ìl be greater and wjll constrajn

the relaxation. This will result jn residual stresses closer to the MPRS

and, hence, 'in a higher fatigue strength ìmprovement.

6.4.2 THT EFFECT OF PRELOADiNG ON FATIGUE STRINGTH

Preloadjng of specimens does not appear to have drastjc influence

on the fatigue strength improvement achl'eved by dimp'lìng. From a statis-

tical viewpoìnt, as detailed jn Appendìx 4.5, the observed differences

due to preloading are insìgn'ificant. Although the changes are minor,

the analysis of Figure 6.5 clarìfies certain effects associated with pre-

loading. The ratio of the logarìthms of fatìgue life with and without

preloading js plotted vs. the prestress ratio as shown'in Fjgure 6.9.

For prestress ratios less than approximate'ly 0.5 there is no sìgnìficant

change in fatigue 1ìfe. This confirms the results obtajned'in Append'ix 4.5

at a s'ingle stress level. A companison with the limit of 0.65 based on

the analytic solutjon of residual stress, 'indicates a slight difference.

However, the l'imit is in agreement with the value obtained from experi-

mental measurement of res'idual stresses. The actual residual tension

appears to be in the v^icinity of 0.5 the yield strength.

It is observed that at any stress level and for a prestress

ratio R^^ = 0.92, the fatigue ì'ife is affected favourabìy by pre'load'ing.
ps

Meanwhile, for hìgher or lower ratios a decrease in fatigue life results

at lower stress levels. To maintain the improvement gajned by edge djrnpling'
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prestress should not exceed the yìeld strength of the material, otherwise

the improvement w'ill be lowered

Figure 6.i0 illustrates the effect of preloadìng in terms of

fatìgue strength improvement. Prestress within the yield point of the

materjal results in.a slight variation 'in strength ìmprovement. At 100

kjlocycles fatjgue strength increases from 64 percent to up to'78 percent

for R-^ = 1.0. Meanwhile, a reduction of the strength'improvement of
p5

approxìmately B percent at 10 million cycles js found for low prestress

values. However, at this l'ife the rema'ining strength ìmprovement amounts

to 90 percent. The hìgh prestresss ratio reduces the jmprovement to

about 48 percent at 100 kilocycles. For undjmpled specimens such a high

prestress would siìghtly improve the fatigue strength by strajn harden'ing.

The FSRF also changes w'ith prestress as shown jn Figure 6.11. The FSRF

sljghtly increases on decreases for Rpr l 1.0 but it remains constant

within t 5 percent

6.4.:-3. THE CORRELATION OF FATIGUE STRENGTH IMPROVEMINT AND RESIDUAL STRESS

The fatigue strength improvemsll has been studied jn the forego'ing

sect'ions. A relat'ion between the strength improvement and the residual

stress is desirable to expedjte the pred'iction of such improvements from

knowledge of residual stress. Such a relation'is most valuable to the

des'igner.

Residual stresses due to edge dìmp'lìng were determ'ined analytic-

a'lly in Chapter 4 and. experimentally in Chapter 5. Evidently, these
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stresses will be modified in fatigue test specìmens due to notching'

The resulting stress distribution is determ'ined by the notch depth and

geometry. when the specìmen ìs notched, a part of the material caus'ing

the mjsfjt wjll be removed. AccordjnSlY, a deep notch through the

dimpled area may cause the complete loss of res'idual stress in the remain-

ìng cross section. Conversely' a small notch wjll remove only a small

vol ume of the m'i sf i t reg'ion I eav j ng an essenti al ly unchanged res i dual

stress at the notch root. However, changes in the'interior regions are

expected. The presence of the notch as a discont'inuity in the stress

fjeld causes the residual compression at the notch root to approach the

y.ieìd strength of the material ìn compression. This h'igh residual stress

wjll be local to the notch root and will be associated with a very steep

pos i ti ve stress grad'ient -

As noted previously, the presence of high residual compress'ion

at the notch root lowers the actual stress concentration effects, thus

deìaying both crack in'itiation and propagation. The reduct'ion of stress

concentratìon may be emp'loyed to estimate the improvement in fatigue

strength of d'impled-notched spec'imens. The procedure is presented in

the followìng.

For a snlall notch of root rad'ius, r, Heywood t19l suggested the

followìng re'lationshìp between the FSRF at 107 cycles, Kf, and the

theoret'ical stress concentration factor, Kt :

Kf = Ktlll+2llrl 6.2

where a is the material notch alleviation factor, which depends on the
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tensile strength of the material. Equation 6.2 may be wnitten:

Kf = g'Kt 6'3

where g is the notch sensitivity factor g'iven by

g = L/[i+2,tilTl 6.4

For aluminum alloys the notch alleviatjon factor ìs [19]

ll = (24/ou¡)3 6.5

where out js the ultimate tensile strength of the material.

For dimp'led notched specìmens subiected to a nominal stress o

and having a notch root residual stress of oRS, the effective stress

concentrati on f actor, K{ , w'i I ì be :

K; = [Kr.o-oRS]/o

.. RS,= Kt - o^'/o 6.6

Due to the reduct'ion of stress concentration effect the FSRF for dimpìed-

notched spec'imens, Kf , w'iì I be:

v'- = q. K| 6.7.'tf'r

Substituting Equation 6.6 into Equat'ion 6.7 obtajn

K; = q. [Kt - oRS/o] 6.8

Using Equatjon 6.3,

K; = Kf - g.oRs/o 6.9

By definitjon, the FSRFs for both notched and dimpled-notched
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specjmens are g'iven bY:

, Kf = Sp/S 6.10

where S- , S' , and S are the fatigue strengths at 107 cyc'les of pla'in,
u

dimp'led-notched, and notched specimens, respectively.

Substituting Equations 6.10 into Equation 6.9 and noting that d= S',

obta'in :

s' - s. [1 + q.oRs/so]

K; = So/s'

6.11

This relatìon permits the pred'iction of fatigue strength S' from 'informa-

tion of the fatigue strength of plain material at 107 cycles, S, the

notch sensitivity factor,9, and the fatigue strength of notched speci-

mens at 107 cycles or alternatively the FSRF of notched specimens, Kf'

Theupper]im.itforS,is'oforwhjchKi*l.Thjssignifiesthat
the notch wealcening effect'is entirely elìmìnated by the introduct'ion of

residual stress. In this case, as the material as a whole should have

unit value for the FSRF, failure should occur at other weak points that

may exìst in the material.

For the present case, a notch havìng 0.005-jn. root radius

in ?0?4-T3 alclad aluminum alioy should have a notch alleviation

factor /l = 0.05. Therefore, from Equation 6.4,

q = o'414

From the mathematical models of the S-N curves determined in Appendix A-4

calculated at 107 are:

tO = 19.92 ksì

S = 6.25 ksi
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The residual stress oRS = 45 ksi. Substitut'ing these values 'into Equa-

tion 6.11 obtain the estimate of S' = !2.10 ksi. This is in excellent

agreement with the experimental value of 72'31 ksi '

At ihis poìnt it is of jnterest to note that the notch root

residual stress is not the only signifjcant parameter' The stress gradi-

ent created by edge dimp'ling and altered by preloadìng seems to have an

influence on the rate of crack propagat'ion. Preloading produces changes

.in the stress gradient and subsequent notch'ing raises the stress at the

notch root to the yield stress. Therefore, 'in both preìoaded and non-

loaded specimens the notch root stress will be the same' But experiments

indicate a certa'in trend of change in fatigue res'istance which can on'ly

be attrjbuted to the effect of the change jn stress gradient' However'

the sl'ight changes whjch were observed in fatjgue behaviour are shown to

be statist'ically insignìficant (Appendix 4.5). A more fundamental study

of the effect of stress gradients on the varìous aspects of fatigue crack

i n'iti ati on and propagat'ion ì s requi red '

From knowledge of the FSRF or the fatigue strength of dimpled-

notched spec'imens at 107 cycles'it is possìble to construct the predicted

S-N curve for dimpled-notched specimens. The S-N curve for plaìn speci-

mens is essentjal and one of two general assunrptions has to be made:

j. The predicted FSRF for dimpled-notched specjmens remains constant

attheent'ireìifespectrum.Thatisavalueofl.65.

ii.ThepredictedFsRFdecreases.insomecontinuousmannerasfat.igue

life decreases. Heywood t19l suggests an empirical relation between



the FSRF at 1000 cYcles, K; (1), and

tK; (1) - 1lltK; - 1l =

where f ìs an enrpirical materjal constant. it 'is suggested

be applied at 107 cycìes and then progressiveiy reduced unt'il

cycles. Therefore, at any ljfe N , in kjlocycles

K; (N) = ri {r) + tKí - *; (1)l't(logN - 3)/41

For the present case, f = 0'55 t5l and hence ât N' kc:

rí'

i56

6.12

that Kt

103

6. 13

Kf (N) = 1.36 + 0.0725 logN

A pred'ict'ion of the s-N curve of dimpled-notched spec'imens based

on the S-N curve for plain material and both assumptìons regardìng the

change of FSRF is made. A comparison of the pred'icted and experimental

values if presented in Tabl e 6.2. The results indicate good agreement

between pred'ictions based on the second assumpt'ion and results from

expe¡iments. The first assumption Seems to yjeld more conservative pre-

dictions. In genera'|,'it may be observed that the predicted values tend

to be ìn the lower side from experiment which provide a safe applicatjon

to design Purposes.

6.5 SUMMARY

An experimental fatigue testing program was carried out in order

to assess the fat-igue strength improvement by edge dimpling. The study'

backed by extens'ive statistical ana'lysìs of data, indicates considerable

fatigue strength improvement which is not s'ign'ificantly affected by
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TABLT 6.2

COMPARISON OF PREDICTTD AND EXPERIMENTAL

FATIGUE STRENGTHS FOR ROTCHTD DIMPLED SPECIMTNS

N, Kc Sp, Ksi

Predi ct'ions

Experi mental

S', KSi

Assumptìon (ii) ¡ (i)

Ki(N) s ' =Sp/ Ki 5t=SO/1.65

100 35. 32 1.51 23.39 2r.+7 24.88

300 26.27 1. 54 17 .06 15.92 19.67

1,000 ?2.13 i.58 i4 .01 13.41 i5 .34

3,000 20. 60 1. 61 12. B0 12.48 13.29

10,000 L9.92 1.65 7?.07 r2.07 12.3t
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preloadìng. An attempt was made to correlate the strength itrprovement

and res.idual stress wh'ich resulted in a procedure for predìcting the S-N

curve for dìmpled notèhed specimens. The pred'iction was based on the

s-N curve for plajn material and the notch geometry. The predìcted

curve was found to be ìn good agreement wìth experiment.
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CHAPTER 7

SIIMMARY AND CONCLUSIONS

7. 1 SUMMARY

Anewtechnjqueforimprov.ingthefatìguestrengthofsheetand

thin plate material by edge treatement has been described' The technique

induces residual stresses h'ighìy compressive at the free edge where stress

concentratìoncausedbygeometr.icdjscontinuityexists.

Theedgetreatmentwasjnducedbyedgedìmp.lìngwh.ichjsa

mechanical method of producing a controllable grad'ient of plastìc strain

.in a f.inite length of the free edge of sheet metallic materials' An

apparatus was designed and constructed to perform the process in order to

experimentally optimize the technique and invest'igate its influence on

fatigue behaviour of sPec'imens '

The determination of the influence of edge dimpling requìred the

determjnat'ion of residual stresses in the critical region' Therefore'

residual stresses due to edge d'impling were determined by means of an

approxìmate analytical procedure. The finite element method was used

to determine parts of the solution. Residual stresses were verjfied by

measurement. A modifjed hole-drj'lling technjque was developed for the

measurement of res'idual stresses in thin material ' The mod'ified technjque

was employed to measure the residual stress dìstribut'ion due to edge

d.impl 
.i 

ng . The analyti cal and experimental resul ts were found to be i n

good agreement.
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The experimental fatjgue test'ing program was caryjed out to

evaluate the edge dimpling technique. An optimum edge dimp'ling procedure

was found to g'ive the largest fatigue l ife improvement. Th'is opt'imal

edge dimpling was then utjlized jn all subsequent fat'igue testìng. Full-

scal e hi gh-cycl e f ati gue testi ng w'i th and w'ithout prel oadì ng was conducted .

The analysjs of data and correlation with residual stresses was made'

The results ind'icate a high and stable level of fatigue strength improve-

ment.Furthermore,thefat.iguestrengthofdimpìed-notchedspec.imens

may be predicted with high accuracy'if the residual stresses and notch

conf iguration are given.

7.2 CONCLUS IONS

Supported by data obtaìned from the experiments described in this

thesis, the folìowing conclusions are made:

1, The edge dimplÍng technique is capable of jnducing high'leve'ls of

residual compression at the free edge of sheet or th'in pìate material'

The high compression'is balanced by tensjle stresses of much lower

magnitude ìn the "interior" regions'

2. The mod.ified hole-drilling technique may be used to measure resjdual

stress gradients with a satisfactory degree of accuracy.

3. Resjdual stresses due to edge dìmpling may be determined analytical'ly

if the various parameters are g'iven and the material is of known

behavi our.

4. gptìmum edge dimp'ling sign'ificantly ìmproves the edge notch fat'igue
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strength of 2024-T3 alclad aluminum al'loy specimens under zero-to-

tens i on fat'i gue cYcì i ng .

The fatjgue strength reduction factor of the edge dimp'led specimens

tends to be constant regardless of fat'igue life.
preload'ing does not appear to induce sìgnifiöant statistical differ-

ences jn the fat'igue strength 'improvement obtained by edge dimplìng'

However, prestress higher than the yjeld strength may prove to be

detrimental.

A nom'inal prestress'in the vic'in'ity of the yjeld strength of the

materi al 'is general ìy favourabl e .

The S-N curve for d'imp]ed-notched spec'imens may accurately be pre-

dicted from know'ledge of the S-trl curve for p'la'in materìal and the

notch geometrY.

7.3 SUGGESTIONS FOR FURTHER STUDY

A fundamental study of the influence of stress gradìent on fat'igue

crack propagation ìs in order. Since the crack propagat'ion rate is

a function of the effect'ive stress, further study to incorporate the

stress gradient in evaluating the effective stress'is des'irable'

The modified hole-dri1'l'ing technique requies data on the machinìng

effects jnduced 'in various materials by various drjlling tools and

at different cond'itions. Since thjs type of data is scarce, experi-

ments are requìred to generate them and determ'ine the opt'imum dril'lìng

combi nations for di fferent materi al s .

1.

I
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A better evaluation of residual stresses induced by edge dimp'ling

may be obtained nume¡icaììy. This may be ach'ieved by a three

dimensional finite element computerized solut'ion' Such a solution

will provide the best means of optim'iz'ing the technique and adapting

i t to vari ous practi ca'l appl i cat'ions .

The edge djmplìng apparatus was desìgned to adapt to a wide range of

specimen confjgurations. Therefore, this advantage may be used to

edge d.imple structural parts or plates wjth large scale stress con-

centrations. Component fatìgue testìng should emphas'ize the practical

value of the technique.

since ìarge structuraì openings in aircraft structures, for jnstance'

are usually surrounded by a row of small holes for fastening purposes'

ìt is interestjng to study the influence of edge dimpfing in such

cases. Thjs may requ'ire the re-optim'izatjon of the depth of dimpling

to place the holes into the reg'ion of high residual compression'

Experìmental study of the effect of pre'loading on residual stress

d-istr-ibut.ion. This study may be extended to jnclude the effect of

gusts in a load spectrum by app'ìying high overloads at djfferent

'interval s duri ng the fati gue test'ing .

4.

5.

6.
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APPENDIX A

PRESENTATION AND STATISTICAL ANALYSIS OF FATIGU! DATA

A.i COMPARISON OF NOTCHED SPECIMTNS TYPES-A AND -B

The,purpose of this test was to find out whether specimens having

the same test sectjon and the same notch but different in shape would

survive the same nUmber of load cyc'les until failure. Two samp'les of

spec'imens type-A and type-B were notched and fatigue cycìed to failure

at the same stress level. The results of fatigue testjng are g'iven in

Tabl e A. 1.

To answer the question whether the observed d'ifferences 'in the

values are due to chance or due to some differences in the results of

both types of specimens, two methods may be employed. The fjrst is the

rank test which does not requ'ire knowledge of the shape of the fatigue

life djstributjon. It assumes that the two groups are drawn from popula-

tions that have the same shape but may differ in thejr medians. The

second method assumes the norma'l'ity of the fatigue l'ife distrjbution and

appìies tests of significance to both the means and standard deviations

of the samples. The hypothesis that the two samples are drawn fnom the

same population will now be tested using both methods'

THT RANK TEST

In

is

this test the rank of each observat'ion in the

determined and the ranks for the two samples

two samples

are total ledcombi ned
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TABLE A.I

RESULTS OF COMPARATiVE TESTS

Maximum stress level 12 644 Psi

Nom'inal stress ratio 0. 0

Sarnpl e
No.

Spec'imen
type

Sampl e
size

L'ives to fai I ure, K'i I ocycl es (Rank
totaì )

23 A 5 114, 163, 174, 273'

(3), (4), (6), (e),

300

(10 ) (32)

238 B 6 60, 61, 165, 1BB, 205, 328

(1), (2), (5), (7), (B)' (11) (34 )
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separately and then the smaller total is compared to the crit'ical range

at the desired level of significance. In Table 4.1 the ranks are indjcated

ìn parentheses and the totals are shown in the last column. The rank total

for type-A specimens, which has the smaller number of measurements, is 32.

From Table II 196l the critical lower and upper rank totals for 5% level

of significance are 19 and 41, respectively, and for l% level of signìfi-

cance they become 16 and 44. Since the observed value falls within the

critjcal range, the conclusìon may be confidently drawn that the difference

ìn sample means'is insign'ificant and'it may be attrjbuted to chance.

JJ. TESTS OF SIGNIFICANCE

The assumed normalìty of fatìgue life distribution requ'ires trans-

formation of N to logN Let the sampie mean and standard deviation

of logN be: i' s, and l?, rZ for sampìes type-A of size n1 and type-B

of sjze nZ. Two tests must be conducted. The fjrst'is to check the

difference in sample standard deviatjons and the second is to test the

difference between the means. Table A.2 gives a summary of the results'

1. Testing the djfference between s, and st:

Theratio v = tIZ/tZZ = 0.256

For a chosen level of significance o = 0.05; compute ß = 1 - cr = 0'95 and

by using the F-djstribution tables t96l the value FU corresponding to

degrees of freedo* (nt - 1) and (nz 1) are found to be Fu = 5.19. There-

fore, l/t. v < F and the sample varjances, and thus standard deviatjons

are considered to be not sign'ifìcantly different'
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TABLI 4.2

TESTS OF SIGNIFICANCT - SUMMARY OF RESULTS

Specimen type A B

Sample size n1 = 5 nz= 6

Mean logN i. = ?.2630
I

;
',2 = 2.L465

Sampìe standard deviation rl = 0.1383 s, = 0.2733
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2. Testing the difference between i, and

Firstly, an estimate of the common

,2
(n, - 1) srZ + (n, - 1) srZ

= 0.05
(ni + nZ- 2)

stati sti c t'
It-îz

Then, the test

"z'-

varjance is computed

i s computed from

by

t' = 0.85
s.{WrJ=-Elnl

This test statjstic t' is compared with the value t obtained from

the t-d'istribution tables [96]. For a 0.05 significance level, ß = 0.95

and correspond'ing to (n1 + nZ - 2) degrees of freedom, tß = 1.83.

Since tß t t', therefore, the sample means are not sìgnificantly d'iffer-

ent at the 0.05 level of sign'ificance.

The final conclusion based on the foregoing ana'lysis is that there

'is no signìfjcant difference between notched specìmens type-A and type-$.
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A.2 OPTIMIZATION TESTING: SERIES 1

A total of thirty type-A specimens with an average edge straìn

rang.ing from 0 to 2.25 percent were tested at the same stress level' The

results are given jn Table 4.3. For each sample, the med'ian'is taken as

the best estimate of populatjon mean, and the confidence limits of the

mean are carculated for a confidence level y = 0.95. if i and s ,are

the median and standard dev'iation of logN for each sample, therefore, the

confidence limits of the population mean are calculated from:

u = x t (tU / {l).s

where ft^/,ñ) = 1.24for Y=0.95andasamplesize n=5'
'þ

The experimental resul ts, as pl otted ' are shown i n F'igure A' 1'

It is ev'ident that there is a continuous improvement'in fatigue life as

the average edge stra'in increases. The trend of improvement is expected

to be simila1in shape to the characteristjc edge dinrpl'ing curve discussed

in Section 3.2.4. This expectatjon is based on the fact that fatigue

improvement is directly related to the magnitude of res'idual compression

induced jn the crjticaì region. Therefore, in the characteristic elastic

region no life improvement is expected. In the developìng reg'ion' a rapid

increase in resjdual stress prompts a sitn'ilar trend jn the life improve-

ment. llhile in the stabi'lity regìon, sì'ight fatigue'l'ife change is ex-

pected. This behavjou¡is represented by the dotted curve in Figure A'1'

It js evident that the experimental data is ìn partial disagree-

ment with the expected behaviour, jn the lor^rer range of up to approxi- '

mately 1.2 percent average edge strain. This deviation of the jife
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improvement, although favourable, may be explained in view of the un-

desirable bendjng discussed'in Sect'ion 3.2.i. In the elastìc region,

although the average edge strain at the neutral axis does not exceed the

elastic limit, both surfaces of the dimpìed region experience stresses

in excess of the elastic ljmit. Therefore, the resulting residual stress

djstribution will be of the quality shown in Figure 4.2 and the effective

value of res'idual stress will be the least of the stresses at the corners.

Thjs effect of bendjng appears graduaì1y and d'isappears more rapid'ly as

the whole plate thickness experiences plastic stretching.

It may also be observed that the favourable'improvement due to

bending effects in the elastic and developing regions is accompanied by

cons j derabl e scatter. This scatter whi ch was pred'icted i n Secti on 3.2.4

is due to the high sensitivity of residual stress to the d'impling rat'io.

As the average edge strain'increases, the surface strains increase, and

the resìdual stresses in the corners will be in the stab'il'ity region.

Hence, the scatter may decrease again for values of average edge strain

in the upper range of the developing region. The results, however, con-

firm that the stab'iìity regìon is the most desirable range of edge

dimpìing.

To permit easy comparison of the results wjth the characteristic

curve, the data are represented in terms of a median lifå improventent

factor. It js defjned as the ratio of the number of cycles to failure

(med'ian ljfe) of an edge-d'impled specìmen to those of a non-edge-dimpled

specimen. The results are shown in Figure 4.3. A thorough examination

of the curve would lead to the recommendation of values of average edge
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strajn, ;e , greater than 1.5 percent. As ;e jncreases, the improve-

ment will continue to increase up to a l'imit determjned by the maximum

dimpl i ng strai n that can be reached . l,lhen the strai n at the outer sur-

faces approaches the ultjmate strain, sub-micro cracks will form and

cause the deterioratjon of fat'igue strength. However it'is not'lìke1y

that this limìt will be reached. The lim'it'is pract'icalìy determined by

the value of average edge strajn at which the dimpled regìon could be

fl attened wj thout I ocal buckl i ng. Th'i s I'imi t was found to be 2 percent

and was used ìn all subsequent fatigue testìng'
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4.3 FATIGUE LiFI DISTRIBUTION OF'DIMPLED SP

Thefolìowìngtest.isajmedatfindingtheformofdistr.ibut.ion

of fatigue 1ìves of dimpled spec'imens. To be useful, the distrjbution

shape should satisfy the following conditìons:

1. The results predicted by the d.istribution should be in good agreement

w'i th the exPeri mental data '

2. The d'istribut'ion form should be mathematically tractable'

Therefore,theexperimentaldatashouldbep.lottedondìfferentprobability

scales for djfferent djstribution shapes and the best fitting form could

be determined. However, the normal d'istribution mathematical form pro-

v.ides unmatchable ease jn data manipulatìon, and hence' an approx'imately

normal fit may be preferred over other forms that result in better fitting'

A total of 34 specìmens type-A with optima'l edge treatnent (2%

average edge strain) were cycìed to failure at a maxjmum stress level

of 17 ks'i (113 MPa). The results were ordered from least to greatest as

shown in Table A.4. The probability of failure, P, was computed from:

P,u = k/(n + 1)

wherek'isthecumulat'ivenumberofspecimensfa'iled'and

n is the total number of specimens tested'

Thjs is the most frequentìy used form for P emp'loyed by l¡'leìbull (1939)

and Gumbel (1954) t971. Blom (tgSO) suggested that

Pe = (k-a)/ (n-a-b+1)

inwhichaandbarefractionalconstantstobechosenwìthregardto

the distribution of fatigue life. For the normal djstrjbution Blon¡'s
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TABLE 4.4

TIST SERiES NO.

RTSULTS OF FATIGUE LIFI

9:

DISTRIBUTION

Maximum stress level

Nomìnal stress ratio

Al I spec'imens tYPe-A.

16 B5B Psì

0.0

Fracture occured outsi de the test
secti on.

Same as above but vi sual cracks
were observed at the test section'

Orderl N,

(k) I kc

7.82

4.7 4

7.66

10. 56

13.50

16.42

19. 34

22.26

25. 18

28.10

31.02

33. 94

36. 86

39.78

42.70

45.62

48. 54

51 .46

54. 38

2.86

5.7r

8. 57

11.43

14.?9

17.14

20. 00

22.86

25.7 t
28.57

31.43

34.29

37.74

40. 00

42.86

45.71

48.57

51.43

54.29

5. 185

5. 512

5. 550

5.551

5. 573

5. 635

5. 653

5.675

5.677

5. 688

5. 689

5.7?2

5.727

5.739

5.761

5.777

5.777

5.7 94

5.801

153

325

355

356

374

432

450

473

475

4BB

489

527

533

548

577

598

599

6?2

i
2

J

4

5

6

7

ô
Õ

9

10

11

l2
13

74

15

16

77

18

19

0rder
(k)

N,

kc.

'logN oo/
t{-

DolI 
Br/o

20

27

22

?3

24

25

26

27

28

29

30

31

32

33

34

633 I

634 I

647 |

682i'l
I

6Be 
I

I

724 I

s
7 50"

770

813

83i
-'

853

909

996'

1394'

2377

5.801

5 .802

5.811

5.834

5.838

5.860

5. 875

5.886

5. 910

5.920

5. 931

5. 959

5. 998

6.144

I 6.376

57 .t4
60. 00

62.86

65.7r

68. 57

7r.43
74.29

77 .t4
80. 00

82.86

85.7i
88. 57

91 .43

94.?9

97.74

57.30

60.22

63. 14

66. 06

68. 98

7i.90
7 4.82

77.74

80.66

83. 58

86.50

89.42

92.34

95.26

98. i8
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equat'ion becomes

PB = (k-318)/(n+114)

and the results will fìt in a straight ìine. Both weibull's and Blom's

estimates are given in Table 4.4.

When the results are plotted on log-1ìnear scale, as shown'in

F'igure 4.4, ít appears that the best fitting line is a curve which repre-

sents the desired mathematjcal form. It is evident that it is not an

easy task to fit the data to a curve. It is rather convenjent to trans-

form the data and fit it to a strajght ]ìne. This can be done by us'ing

probabi'lity paper. Figure 4.5 shows the log-normal probability plot of

the present data. A comparison of Figures 4.4 and 4.5 indicates that

the tails of the djstrjbution are sf ightìy recjtifed by p'ìott'ing on log-

normal probabìlìty paper and the results reasonabiy fit a linear relation'

However,.it should be pointed out that the presence of extreme poìnts in

the log-normaì p'lot is not unexpectecl. In general , fatigue as a physica]

phenomenon 'is always assocjated with variable amounts of scatter, which

is dependent on a number of factors. In edge dìmpling a further source

of scatter is that arisjng from mjnor variations jn the res'idual com-

pressìve stress distrjbution from one specimen to the other' In addjtion

to that is the possibility of scatter due to the accuracy of notchjng of

spec.imens. such factors could possibly account for the extreme data

poi nts .

In conclusion, the life clistrìbutjon of dimpled-notched specìmens

type-A could be assumed normal.
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4.4 PRiMARY FATIGUE'TESTING:

The results of fat'igue test series 2,3 and 4 are gìven ìn

Tables 4.5,4.6 and 4.7, respectiveìy. The results are fjtted to three

S-N curves according to the general mathematical expressìon of the power

function; r,rh'ich has been used extensively by several investjgators such

as weibull lgTl and Sinclair and Dolan t981. it is in the form:

s = se+A(¡,t +B)-m

where S 'is the maximum fatigue strength'

N is the fat'igue life,

s. is the fatigue strength coffesponding to an infinite number

of cycles'

A is the general parameter which has the un'its of stress'

B ìs the tjme scale Parameter, and

m is the shape parameter of the curve'

The parameters B and m determine the inflection poìnt, N.,, of the

semj-log Plot, where Nì = B/m'

Such a model is desirable to perm'it accurate and reliable com-

parison of djfferent test series and to enable extrapolation to higher

number of cycles which is not covered by experiments' The best fitting

curve to the data is determined by means of a computerized vers'ion of the

least squares method (fjrst proposed by Legendre in 1805) and using the

Gauss-Newton ìteration techn'ique t991. The models should be fitted to

the median lives for the followjng statjstical reasons [96' 100]:
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TABLE 4.5

TEST SERIES NO. 2:

RESULTS0FFATIGUETESTINGFORNOTCHEDSPECIMENS

*Runouts : Test termi nated at i ndi cated I i fe '

Li ves to Fai'l ure , Kì'locYci esSarnp 1e
No.

Sampl e
Si ze

Stress Level,
S . psi

max -

2I 6 2r,073 18, 79, 25, LOt 33, 39

22 7 16 , B5B 50, 58, 70, 7t, 73' 74, B3

23 5 r?,644 r!4, 163, 774, 2r3, 300

?4 6 8,429 752, 837, 944, 963, 1014, 1027

25
IJ 7 ,158 94?, 174r, 10055*

26 1 6,322 10088*

27 1 5 ,053 10008*
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TABLE 4.6

TEST SERIES

RESULTS OF FATIGUE TESTING FOR

N0. 3:

DiMPLED-NOTCHED SPECIMTNS

Li ves to Fa'i 1 ure, Ki I ocycl es
Stress Leveì,

o*u*' PSi

44, 81, 91, 94, 10525,304

95, 159, 160, 185, 211, 227,

252, 278*, 3o8tt, 365
2l,073

See results of Test Series

No. 9
16 ,858

919, 1156, 1164, r?70, 2127,

3300*
14,751

2531, 2794, 6256, 13650*, 14609I2,644

*Runouts : Test term'inated at thi s l i fe '

*Fracture occurred outsìde the test section, but vjsual cracks were

observed at the test section.
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RESULTS OF

TABLE 4.7

TEST SERITS NO. 4"

FATIGUI TESTING FOR PLAIN SPECIMENS

Ljves to Failure, KiiocYclesStress Levei,
o*u*' PSi

94, 97, 116 , I20, L2636,018

62, 94, r29, 146, 170' 22032 ,031

!42, 189, 203 , ?4r, 242 ' 26728,027

2r4, 472,547, 589,617, 82824,023

475, 622, 679, 1273, 1493 ' ?1622?,029

10000*, 10000*20,019

*Runouts: Test terminated at this life.
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i

i. The distrìbution of indjv'idual fatìgue life values 'is usua'lìy

skewed. In cases where the distribution shape is unknown, the

analys.isofdatamaybedonewjthnospecifjcassumptionsof

theshape.Inthjscasethemedjanischosentoexpressthe

central tendency of data poìnts at each stress level' The median'

bei ng the mi dd'l e po'i nt val ue of observati ons , determ j nes the

50 percent probab'ility S-N curve which is sufficient for purposes

of comParison.

ii. The median holds the same relative positìon w'ith respect to the

other observat'ions after transformation in which the order of

observationsispreserved,whereasotherestjmatesdonot.

ii.i. In smalì samples, the median value 'is not greatly influenced

byoutlyingandabnormaldatapo.ints.Therefore,thecentral

tendencyofthepopulatjonofspecimens.isestimatedmore

accurately by the median and not the mean of small sample data'

Itisreadi.lyseenthatthemed.iananalysisprov'idesan

average S-N curve without knowledge of the shape of the fatigue life

distribut'ion. However, in small sample data, serious inaccurac'ies

may result in estjmatìng the confidence intervals for the median l'ife'

In order to sharpen the inferences which may be made from the data'

part.icular functjonal forms can be assumed for the fatìgue l'ife dis-

tribut.ion. It has been found that semi-log presentation of data results

ì n approx.imately normal di stri buti on. Havi ng assumed the norma'l i ty

of the distributjon it js then possible to use the data to obtain more
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precise estimates of the confidence 'interval of the med'ian (whìch is

equal to the mean in case of normal distribut'ions)' Therefore to ga'in

the advantages of using the med'ian together wjth the accuracy acquìred

by assum.ing normalìty, the mean of the popuìatjon w'ill be estimated by

the sample median. The assumpt'ion of normal'ity could safely be nrade for

data of plain or notched spec'imens. Meanwhile, ìt is shown'in Section A'3

that the fatigue life djsti"'ibution of edge dìmpìed specimens js essentj-

a1'ly normal . Therefore, the assumption of normality ìs val'id for the

present study.

l. For each sample find the median I- = logN; where N is

l.ife, and the standard deviation of the sample s = /t(* - l)z/n;

where x = rogr,r. From which the best estimate of the popuìation

mean, u, ôtld the popu'lation standard deviation' õ ' are:

u=i
=s.7ñZG-l 1T=m

õ

For each S-N curvã the fol I ow1ng steps of sol ut1on were taken:

the median

cal cul ate the confi dence

limit, 6L , and the uPPer

t For a

limits

lim'it,

confidence level Y, usually 0'95 [1]'

of the standard devjatjon; the lower

ou , as follows:

oL= s//Çr, ou= slÇ

where the p-values are taken from ch'i-square distribution tables'

wh.ich may be found in any statist'ical tables handbook or in Refer-

ence 96. If Y 'i s an arb'itrary conf i dence I evel the percenti I es

ß1 = (i -v)/2 and gr= (I +v)lT.may be calcuiated'
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3. Plot the standard deviation versus the stress level on 1og-log paper

and determine the best fitting straight'line which represents the

expressi on

o = oo.r-9

where oo is the intercept and q is the slope of the transformed

strajght line relation. Th'is formula was proposed by Sinclair and

Dolan [98]. The linear relation is thus used to.calculate the

corrected best estimate of the standard deviatìon of the population,

å, at each stress level.

4. Determine the confidence interval of the population mean for a con-

fidencelevely =0.95:

the lower limjt il.c = u- (turZñ-)'â

the upper lim'it u.. = u * (t^ /'ñ)';'u þ2'

where the t-values are determjned from the t-distribution tables [96]

for (n - 1) degrees of freedom.

For conven j ence the parameters l/ /f " , I/ F 
^- 

and t ß/ lñ areþ2 Þ1

are calculated for a confidence level of 0.95 and for a sample size

ranging from n = 2 to 40 ('l'inearinterpoìatjon may be used). The result-

ing values appear in Table A.B and may be used d'irectly to determine the

confjdence limits of both the standard devjation and mean of the popula-

ti on.

5. Use the p-values at each stress level to find the 50 percent prpb-

ab'ility S-N curve with the constraints !s ' u ' þr'



195

TABLE A.B

STATISTICAL PARAMTTIRS FOR DETERMINING

CONFIDENCI LIMITS OF THE MEAN AND STANDARD DEVIATION

Confidencelevel y =0.95

Confidence limits for u = x t (tut{l).o

Confidence limìts for o = s.(U-PßZ) , s.G//f;I)

Sample size = n

n {tu/,ñ)* (7/ll 
s2)

(t/ ll 
ßr)

2

3

4

Ã

6

7

o
O

9

10

20

30

40

@

B. 98

2.48

i.59
t.24
1. 05

0. 93

0. B3

0.77

0.71

0.47

0. 37

0.32

0.00

0. 45

0.52

0.57

0.60

0.62

0. 64

0. 66

0. 68

0. 69

0.7 6

0. B0

0. B2

1. 00

31.94

6.29

3.73

2.87

?.45

2.20

2.04

7.92

1. 83

1.46

1.34

7.29

i.00

* Note that tß = tß , = tU,
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The foregoing procedure was applied to results of test

Series 2,3 and 4. Numerjcal results are presented jn Table 4.9 and

values of â ur. determined from figure 4.6. The median lives and

their confidence intervals are p'lotted in F'igure A.7 as well as the

best fitting S-N curves determined by the least squares technique.
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4.5 PRELOADING FATIGUE TllIl-u-G: SERIES 5

Test series 5, 6, 7 and B Were carrjed out to investigate the

influence of prior overload'ing or "pre'loading" on the fatigue improvements

achieved by edge dimpìing. In series 5, preliminary test'ing was carrjed

out to roughly determine the trend of change of fatigue life with differ-

ent values of preload. The test results are given in Table A'10' The

results are represented in Figure A.B in which logN is p]otted versus

the prestress ratjo. The prestress ratio, Rpr,'is the ratio of pre-

stress to the yie'ld strength of the material (tfris is the ratio of pre-

load to the yield load). The following observations may be made:

a. The ind'icated trend of behaviour was determ'ined at a high stress

level and will probably be different at lower levels'

b. The effect of preloading seems to be insìgnfiicant for prestress

ratio less than 0.5.

c. A gradual improvement follows and continues until a peak js reached

in the vicinitY of RO, = 1'0'

d. This is followed by rap'id deterioration of fat'igue jife and the

ìmprovement gained by edge djnrpling entirely d'isappears at a pre-

stress rat'io of approximately 1.2. Thereafter, the steep decrease

of fatigue life continues'

As a result Of the prelim'inary speed test' Series 5' three values

of prestress were selected for further testing:

R-- = 0.65 where the improvement due to pre'loading starts'
p5

R - = 1.0 jn the v'iciniiy of the peak'improvement' and RO, = 1'17
ps
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TABLE A.10

TEST SERIES NO. 5:

RESULTS OF PRELIMINARY PRELOADING TTSTING

Maximum stress level = 23 158 Psi

Nomjnal stress ratjo = 0.0

Yield strength of materjal= 45 000 psì

Sampl e Pres tres s

ksi
Pres tres s

R-ti o , Rps
Lives to Faiure, kc.

NO. 51 Ze

51

52

53

54

55

56

3

J

3

3

J

2

0

?0

30

40

50;

60

0. 00

0.44

0.67

0. 89

1.1i

1.33

113, 113, 135

90, 101, 105

109, 132, 143

163, 184, 223

119, 184, i96

23, 31
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3xl05

Sro* = 23 ksi
o
ø
o

o
o

o

L
2xlO'

(l)r
I(]

C)
U)
c'lo

z.

o o.z ofr 0.6 0.8 LO 1.2 1.4 l'6

Prestress Rotio

Figure 4.8 The effect of preslress rotio on foligue life '
of lhe some slress level'
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sl.ight'ly before the sharp deterioration occurs to avo'id wide scatter in

the resul ts.

Test series 6, 7 and I were conducted for the three selected

values of preìoad ratio. The results are given'in Tables A'11' A'12

and 4.13, respective'ly. Three S-N curves were fitted to the results

using the method described in section 4.4. The details of the various

statist.ics are gìven Ín Table 4.14. Fjgure 4.9 was used to determine

the best estimate of standard deviation for each test serìes' The

results of least squares curve fitting are shown jn Fjgure A'10 along

with the corresPonding models'

From a statist'ical point of view the means of the three samples

were examined to determine whether they were s'ignificantly d'iffernt or

not. Consider the most divergent results at the hjghest stress level,

namelyo samples numbers 71 and 81. ASSume that the samp'les are drawn

from normally distributed popu'lations. The sample sizes' means and

standard deviations are:

, 51 = 0.201

, sZ = 0.194

n1 - 5 ,

n?=6'

= 4.675

= 4.543

x1

xz

Cal cul ate the vari ance rat'io

v = ,r2/rrz

At a sign'ifjcance level of Y

tables [96] determine

1. 081

= 0.95, and using the F-d i stri buti on

FO. gS = 5. 19 1/FO. gS = 0. 193
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TABLE 4.11

TEST SERiES NO. 6:

RESULTS.OF FATIGUE TESTING I^IITH PRIOR OVERLOADING

PRESTRESS RATIO, R, = 0'65

Li ves to Fai I ure , K'il ocYcì es
Stress Level 

'S . psi
max -

40, 54, s+, ss, 56, 109*

gt, i-04, rl2, !25, 170 , 24g'25,000

t8, J5' J.6r, 2W 368, 614*

273*, 757, Bo7, 928, 1095, ?545
15 ,000

1916, 2006, 2295, 2352, 4412
1 3 ,250

12,000

*Runouts : Test termi nated

*Fracture occurred outside

at i ndi cated I 'ife .

the test section.
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TABLI 4.12

TEST SERIES NO. 7:

RTSULTS OF FATIGUT TESTING I^IITH PRIOR OVERLOADING

PRESTRESS RATIO, R- = 1.00-5

Sampl e
No.

Sampl e
S'ize

Stress Level,
S . psi

max - Lj ves to Fai I ure , Ki I ocYcì es

7I 6 30,000 26, ?8, 64, 67, 76, 105*

72 6 25,000 47 , gO, 135, 140, 148 , 256*

73 6 20,000 241, 263, 298, 320, 388, 529

74 Ã i5,000 934, 920 , 944, 1001 , ?168

75 7 13,250
1881, 2!28, ?660, 3630, 5928

7394* , 1021.9*

*Runouts: Test terminated at indicated life'
*Fracture occurred outside the test section'
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TABLE 4.13

TEST SERIES NO. B:

RESULTS0FFATIGUETESTINGI^JITHPRI0ROVERLOADING

PRESTRESS RATI0, R, = 1'17

Li ves to Fai'lure, Ki'locYc'les
Stress Level,

S . psi
max -

L8, 26, 28, 38, 55, 66

52, 54, 64, 103, 105, 146*

74, r2!, !28, 22r, 3?0, 525

5g1, 693->, rlg2, 1812* , ?072*

448, 969, 1006, 1761, 10542*
13 ,250

*Runouts: Test termi nated

*Fracture occurred outsi de

at indicated life.

the test section.
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and by comparjson it is found that v is with'in the critical lim'its.

In th.is case, the sample standard deviatjons are said to be not signifì-

cantly djfferent. To test the difference between the means of the two

samples first compute an estjmate of the common variance '2 = 0'039

and, therefore, the common standard deviation is s = 0.197. Then

calculate the statistic t'= 1.107. For a risk cr' = 0.05 and degrees

of freedom d.f. = 9, use the t-d'istribution tables to determine

to. gs - 1. 83 > t'.

Therefore, the means and standard deviations of the two samp'les are not

significantly djfferent. Since the two samples were the most divergent

jt may be concluded that from a statistical viewpoint, preloadìng ratios

of up to 1.17 do not produce'improvements'in the fatigue l'ife that are

statist.ically significant. This conclusjon is valjd in the cycle range

of testing as shown 'in Figure 4.10.


