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ABSTRACT
In this thesis "Fatigue-crack initiation in 2024-T3 aluminium
élloyﬁ was investigated using experiméﬁtal methods wiﬁh compact
tension specimens having various notch root radius. The root radii
are varied from 0.04 to 2.5 mm;

"The fatigueécrack'initiation tests were conducted on a closed-
loop servo-controlled fatigue testing machine. The loading was
tension to tension and frequencies of fatigue tests were % Hz.
Initiation of fatigue-crack was detected by means of a micros-
cope. , ,

.The effects of notch root radius on the fatigue-crack initia-
tion was evaluated by using linear-eiastic-fracture—mechanics
theory. The results of experiments ére plotted, discussed and

compared with the results of the previous studies.



OZET

Bu tez c¢aligmasinda, 0,04 mm, den 2,5 mm. ye kadar degigen-g¢en—

ik radiuslarina sahip (CIS) deney numuneleri ile denéysel yontem—

er kullanarak 2024-T3 aluminytm alagimi malzemede yorulma ¢atlak-

arinin olusmasi incelendi, ’

orulma g¢atlaginin olugum deneyleri kapali devre servo-kontrollu
orulma dehey'makiﬁ331nda, ¢ekme-gekme yﬁkleme-sartlarlnda, 5 Hz,

orulma test frekansinda yapildl., Yoruilma gatiaginin orusmasit bir

ikroskop vasitasiyla gozlendi.

Lineer-elastik-kiriima-mekanigi teorisi kullaniiarax gentik dibi

adiuslarin, yorulma qatlaklarlnzn,olusma81 lizerindeki etkileri in-

elendi. . ' ,

eney sonug¢lari grafik halinde gosterilerek bu konu ﬁzerindeki daha

nceki g¢alismalarle karsilagtirilarak mukayese edildi.
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CHAPTER - I

INTRODUCTION

The field of fracture mechanics has become the primary
approach for controlling brittle fracture and fatigue failures
in structures, Brittle fracture of large strucfures caused large
damages in the past.

In 1950's two Commet airerafts failed catastrophically while

at high altitudes.Axhexhhustive investigation indicated that the

failures initiated from very small fatigue-cracks originating

fbom rivet holes near openings in the fuselage.
' Numerous other failures of aircraft landing gear and rocket
motor cases have occured from undetected defects or from sub-
criticai crack growth by fatigue.The failure of F - 111 air-
crafts were attributed to brittle fractures of members with
preexisting flaws, |
Metal fatigue was encountered as a genérai-pioﬁlem When en~-
gineers were faced with difficulties such as failure of railway
carriage axles or partial failure df}aircraft parts under

repeated loads.

It should be cdnsidered how fracture mechanics can be used to
prevent brittle fracture and fatigue failures of engineering

structures.



The fatigue life of structural components is determined by

the sum of the elapsed cycles required to initiate a fatigue-
crack and to propagate the crack from subcritical dimensions,

Consequently,the fatigue life of strﬁcfural‘component may be

considered to be composed of three continous stages.

1- Fatigue-crack initiation
2- Fatigue-crack propagation

3~ Fatigue fracture

-Many studies of fatigue-crack initiation stage at the notch
root have proved the great importance of this stage in predict-
ing the fatigue life of structures.They are either for comp-
letly elastic [1,2;4] orfsimplified_elasto-plastic anaiysis
[5,6]-Jﬂany investigafars;havevstudied.the other stagesj;l,?: '

1.1- FATIGUE~CRACK PROPAGATION

The fatigue-crack propagation behavior under constant ampli-

tude load fluctuatiopgs for metals can be divided into three re-
gions which can be observed in figure-i.4

.Region-I-. exhibits a "Fatigue-thresnold" cyclic stress
intensity factor fluctuation, Adqh,below which cracks do.not

propagate under cyclic-stress fluctuations.



log da/dN

CRACK . GROWTH RATE
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Figure~l.l

Region-II,represents the fatigue-crack propagation behavior

above A K‘th ,Which can be _répresented by

da
dN

_ c(AK) , (1.1)



| da
dN

Where, = Fatigue-crack growth rate.

(¢c) and ( m ) are constants.

N : Number of cycles.
- AK: Stress-intensity. factor fluctuation,

AK can be calculated by,

AK=f(g) 0 Va (1.2)

- £(g) is a parameter that depends on the specimen and crack

geometry.
Number of cycieyfor fatigue-crack propagation can be predict-
ed.by, | N ' a |
dn = | 92 @
| CaKk)™
N, &

~In region-I111,the fatigue~crack growth per cycle is higher
than predicted for region-II.The rate of fatigue-crack growth

increases.This increase occurs at a constant value of crack-—

tip displacement, d} yand at a corresponding stress-intensity

factor value, K, ,given by,

Oy =L (1.4




KT Stress= concentration factor: value corresponding to
onset of accelaration infatigue-~crack growth rates.

E Young's modulus

OV Yield strength |

Acceleration of fatigue-crack—-growth rates that determines
the transition from region-II to region-III appears to be caused
by the superposition of a ductile—fear mechanism., Ductile tear
occurs when the strain at the tip of the cradk reaches a critical

value.Thus,the fatigue-rate transition from region-II to region-III

depends on K., and stress ratio, R,

Equation-l.4 is used to calculate fhe stress—intensity factor
value corresponding to the onset of fatigue~rate transition,
Kp ( or AKp ) which also corresponds to the point of transition
from region-II to region~IIl in materials that have high‘fracture V
taughness.Acceleration'of the rate of fatigue-crack growth occurs |
at a streés -intensity-factor value slightly below the critical-

stress—intensity factor,Ky .

1.2~ FATIGUE FRACTURE

Fatigue fragbure occurs when the stress-intensity factor, K,

reaches to a critical value,‘Kc, with increasing the fatigue

crack length, Critical-stress-intensity factor, K., also depends

on the specimen thickness. : -




K. ¢ '
€1 PLANE SIRESS. ..}.—.;PLANE STRAIN

Thickness | | B

L

The critical-stress-intensify,factor, Kc yfor a particular

structural material,decreases withvincreasing specimen thick- }
ness.In figure-le.2 which shows that the minimum teughness of

particular material, Ky, is reached when the thickness of the

specimen is large enough so that the state of stress is plane ,f

- \
strain.As the thickness of the specimen is decreased,even thoug{

the metallurgical characteristic of the material are not change

the stress-intensity factor increases and plane-stress, K, ,

behavior exits,-

J
/



CHAPTER - 11

APFLICATION OF LINEAR ELASTIC FRACTURE MECHANICS (L.E.FM)
70 FATIGUE - CRACK TINITTATION

Linear-elastic—-fracture-mechanics technology is based on an

analytical procedure that relates the stress-field magnitude
and distribution in the‘vicinity of a crack-tip to the nominal
stress applied to the structure,to size,shape and orientation

of a crack and to the material properties.
2.1~ THE ELASTIC-STRESS FIELD IN THE VICINITY OF A CRACK~TIP

Figure-2.1 represents G and g, components of the }
elastic-stress field in the vicinity of a crack-tip.in a body

subjected to tensile stresses normal to the plane of the,cback.

Figure=2.,1 _ 1



The elastic-stress field in the vicinity of a sharp crack is -

presented by following equations.For MODE-I deformation,in

plane-strain,
g, = KI__ Cogi[]_sin & sin 36 ]
V2nr 2. 2 2
G;_: K, 0053_[1+5in & sn 38 ]
Vamr 2 _Z 2
C. = Ki SiniCosE— Cos 3©
Yo vaur 2 2 2
(2.1)
(z=0(G+G) Txz = Cyz =0
. T v
U=_5_L r Cos & 1...2\)+Sin2.§_ .
G | 2m | 2 | 2
) V2 3
v=_K | " | sh8 2_20_C03£i]
G | 27 | 2 L 2
W=20

Wheré,the stress components and the éoordinates (r) and (©)
‘ére presented in figure-2.l K; is the stress-intensity fac-
tor by the help.of which the magnitude of the elastic-stress
field can be described.

2,2- THE ELASTIC-STRESS FIELD IN THE VICINITY OF SHARP

BLLIPTICAL OR HYPERBOLIC NOTCHES
The elastic~stress field in the vicinity of sharp elliptical

or hyperbolic notches in a body subjected to tensile stresses



normal to the plane of notch is presented by the following -

equation.

Figure-2,2

0:= K, 005-9— 1_Sin.e_. s;n3f__ Ky g Cos 36
vame Z |2

o

\/21rr"2r 2

=_Ki_cos & [1,,Sin.?_ Sin@]+ Ky P cos3®
vamr 2 2 2] Vamr 2r 2

" v - Ki Sin e(::os_e_ COSEE_. K,y _f'_sin:i_g

_xy Venr 2 2 2 Vorr 2T 2

wY

(2’02
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'Where,the.coordinates (r) and (9),(9)’are.Qefined in figure=2,2

The first term in equation~2.2 definss the magnitude'and
distribution of the stress-field in the vicipity of a sharp _
crack.In this equation, KI ,is uthelstress-inteﬁsity_fécto;.The
second term in this equations represents influence of é blunt=
tip radius on this stress‘field. |

At point (B), in figure-2.2, for 6=0.; rsp/2

Equation=-2.2 becomes,

- KI

L (243)
Vp |

xﬂ -<C] Xq ‘

and the material element at the tip of the notcb in cycllcally

loaded structural component is subjected to the naximum stress

i

max
quently,this material element is most susceptible to fatigue

syand to the maximum stress fluctuations,AlGy;y ,conse—

daﬁage and is,ih general,the origin of fatigue-crack initiation.

For r=p/2 the maximun stress fluctuatiqn on this material ele-—

ment which can be derived from equation~-2,3 is,

- _2AK, ' (2.4)
Vip | :



" Where, AK, 1s the stress-lntensity factor fluctuatlon.
Although equation—2.4 is considered exact only when (.P )
approaches zero, Wilson and Gabrialse [8] showed by using
finite element analysis of blunt notches in compact tension
specimens that this relationship is accurate to within 10 %
for notch root radii up to 0,180 in,

-20%— EFFECT OF STRESS CONCENTRATION ON FATIGUE~-CRACK
INITTATION |

~ The effect of geometrical discontinuty in a loaded struc-

tural component is to inteﬁsify the mégnitude of the nominal

atress in the vicinity of the discontinuity. The localized
stresses may cause the metal in that neighborhood to undergo

plastic deformation, Beceuse the nominal stresses in most st-
Tuctures aie elastic the zone of plastically deformed metal

in the vicinity of stress concentrations is surrounded by an
elastic stress field. To predict the effect of stress concén-
trations on the fatigue behavior of structures, the fatigue
buhavibr of the localized plastic zones has been simulated
by testing smooth specimens under strainrcontrolled conditions,
A better simulatisp. of the effects of stress concentrations
on the fatigue behavior of structures is obtained by testing
notched specimens under stress—-controlled conditions because

the applled stress can be more directly related to the struc-
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tural loading. The number of load fluctuations required to ini-

tiate a fatigue-crack in the vicipity of a notch tip is related
to AK'IVF" y Which in turn is related to the maximum alter—
nating stress in the vicinity of the»notch tip.

In the linear—-elastic-fracture-mechanics theory, fatigue-

cracks do not initiate in structural components when the body
configuration, the notch geometry and nominal stress fiuctua—
tions are such thab The magpitude of the parameter AK IVp~
is less than a given value, which is called threshold value,

In general, the value of this fatigue-crack initiation thres—
hold,, ( ax,1vp lh , increa§es with incrgasing yield strength
or tensile strength of the materigl.
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CHA PTER-III

PREVIOUS WORK

PEARSON (1) investigated the effect of notch depth and root
radius on fatigue—-crack initiation and propagatlon in half inch
thick specimens aluminium alloys.

He used three-point bending specimens., The test specimen dimen~
siops were 1 in.x 1./2 in. extruded bar B.S speci:fica‘bion I 65,
The specimen were fatigued in bending machine, Lioading was ten-
sion To fension. Tne cyclic load speed was 1500 cyclies pef minute

and subsequent crack propagation is measf@ired using the electrical

resistance method.

- He eicpreséed that, for the same value of AKll\/}T the notches
with low values of Kq have short initiation times, While the

law,

N.=C| =0 ()

give & rough approgimation, it does not exactly represent the re-

sultse. In log N Vo8 log (AK, /\/F y graph for a single notch depth

and root radius, the test results lie on a straight line of slope 5
When log Nj Versus log( AK'/\/“ ) is plotted, it is seen that for



-4 -

the same root radius ané. a single notch depth, the overall scat-
ter is grater than pbtainedAJack and Price [ 2 ].
The other approach was related to the fatigue stress concen-

tration factor (K f) which was defined

Stress to produce failure in a given number of
cycles in unnotched test pieces,

H
n

Net section stress to produce failure in same
number of cycles in notched test pieces.

For fatigue—-crack initiation, Kfi was defined as the ratio of

the stress producing failure in unnotched test pleces in a given
»ﬁumber ofAcycles to the stress initlating the crack in the same-
Jpunber of cycles in notched pieces. |

The test results showed that the value of Kp/Kp, was almost
constant for p»0.01 in. and equal to 1l.35 so that crack ini-~
tiatlon can be repieseﬁted by the equation,

For I 65 aluninium alloy;

for 32001 in. 1.'35 o
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Where; (_.. = Net section stress to initiate a crack
0.005 in. long in N cycles.
0 = Failure stress for unnotched test pieces -
in N cycles, _
It should be noted that there is a silze effect in fatigue

results for notched.specimens,

A.R.JACK ‘and AT, PRICE [ 2 | investigated the initiation
of fatigﬁc-craoks from notches in mild steel pl ates. They used
single—edge notched specimens of mild steel in their experimen-

tal work,

Test were carried out at room temperature on a testing
nachine of 10 000 1lb, capacity. All tests weré carried out at

20 cpm under zero to ten31on or tension to tension conditlons.
The major varlables investigated were notch depth (a) ‘and

root radius (p). Three types of specimens were tested in experi-

nental work and they had different width (w) and thickness (B).

Tests were carried out at stress amplitudes in the range 1000

1bf/in? to 3500 lbf/in measured on the gross section, under
conditioné producing failure in less than about 2x105 cycles,
Crack ipitiation was detected by using electrical potential
drop of ébcut InV ovef 1 in. of uncracked specimens,

They showed_that number of cycles to initiate a fatigue-
crack was proportional-to'the range of stress-intensity factor



(AK) for sharp notches which have p ¢ ¢0.010 in, the test data
.was ahalysed by plotting'N agalnst the stress—lnten31ty fac-
tor range It was noted that the slope of thls line was ( 4 ) |

o and N was proportlonal ta (Al()

ioeo » o ot

4
N, ot CAKY (3.3)

within the fahges studied, there was no“effgcﬁ of width ar
-tM£hms& |
Test on specimens having notch root radiir grater than 0.0lO
in. showed that N. increasing with 1ncrea81ng ract radius.At
particulag values of (a)and (O ), the relations h1p 1nd1cated

was

N Vp o)

If the relationship is analysedlciearly, for the notch
root‘radius values which are grater than critical nopgh rogt -
.fadius (- 0,010 in. ), it can be noted that the number of<qycle

ta initiate a fatigue-crack is a function of AK/YE't




Y.H.KIM,TMURA and M.EFINE | 3| investigated fatigue-

crack initiation and microcrack growth in 4140 steel in three
conditions;as—qnenched,tempered at 400°C and tempered at'éoo°d.

Specimens 90x20x3.2 mm size were machined from 3.5 mm thick

plates.The specimens were austenitized in Argon fér one hour at

1000°C and then oil=-quenched and with tWo different tempering
conditions Were‘investigated,one hour at 400°C or 650°C in

vacum,

Single~edge notched specimens were used in the experimenﬁalﬁ

study.The specimens have a crack 1 mm.long (a) and with 0,22 mm

radius of curvature (p).Only one notch geometry was investigated

All fatigue tests were conducted on a closed-loop electro-
hydraulic MTS‘ machine of 90 KN capacity at room teniperature '
using 30 Hz. tes% frequency.Fatigue-crack initiation was detec

by a metallurg;cal microscope.
They indicated the results for crack initiation in the 4140

steel samples for each of three conditions in the graphs.They

defined N;; as the number of cycles to. initiation 5(4m crack

and.Nif as the number of cycles to form a crack extending

accoss the full lateral dlmen81ons of the notch i.e 3 2 mm,




‘. For as-quenched 4140 steel,very few 'cr;acks formed near the
notch edges.Furthermbre,once the crack initiated,it grew ra- =
- pidly to the fatal crack and N;ip was not much é;cater than Nj;

For 650°C tempered samples épproﬁmately 100 fatigue—"
cracks formed near the edges of nétch and these 'gr'ew very -

gidwly or not at all.

For 400 and 650 °c Tempered specimens Ny was considerably
larger than Nn.They suggested that the Nil/N £ ratio could
be approximately O.1 and microcracks grew most rapldly in as-

‘quenched specimens and least rapidly in Gsegcvtempe'red speci-

mens at the same AK /\p . | |
In as-que'nched specimens,fatigue-cracks initiated at grain
boundaries but in the 400 ang, 650°C tempered specimens,they |
initiated at intrusions-extrusions. |
The experimental results for the threshold values of AK/\[—
were compared to the AK/ |.. ZBX(GT,S{ which was BARSQM's
‘new correlation.The agreement w:u.th the new BARSGM formula was‘

much better than with the old formula which was AK/\/— |= 95X(G—,._..)
' The experimental results are plotted in log[AK/\/— .,AK/\/ﬁ |th]
v.s;i_lgg;Nif graph.The data fit reasonably well to straight line
' They suggested that the érack init‘iation data for 4140 stee

- were £it to the empmcal equation..

N = (AK/Vp _AK vp |

if

W . )




§ M ,BARSGM and R.CMcNICOL [ 4 | 1nvestigated effect of stres:
concentration on iatlgue-crack initiatien in HY-1%0 steel.

They used double-edgs-notched specimens which were 20 in. long
6 in. wide,and 0,125 in. thick.Notch tip radii were changéd from
0. 008; idne to 0.375 in. The polished,unnotched specimens,that wexre
tvested,had 10 in. radius. ’

- A1l specimens were tested at.room.-temperature in 50 kip on
MTS.The frequency of stress fluctuatlon was 120 to 600 cpm, |
Fatigue-crack initiation was detected optically with a stereo-
zoon migroscope.The specimens were tested dver & range of flucé ,
tuating stress and number of cycies required to initiate a 0,01
- in. crack was recorded.The variation of notch acuity covered the
range from fatigue-cracked specimens to polished,ﬁnnotched spe-- 
cimens and fatigue-crack initiation data were obtained in the .
range 163 to.lo6 cycles.The data were analyzed'by using linear- S
elastic~fracture-mechanics concepts and theory of stress conéen—j
tration in notched spécimens. | / |

Their results showed that the number of elapsed load cycles“i

required to initiate a fatigue-crack in notched specimens is

related to the ratio of the fluctuation of stress intensity

factor AKI to the square root of the "notch tip radius.Qp). ‘
Fatigue-crack initiation life can also be expresSed in terms of
the fluctuation of the maximum stress at the notéh tip (A'G'mx)
because AKI/\/}—)- can be related to (DG qy 2

ul



Fatigue-crack initiation threshold was investigated in HY—l}Of
- stell by BARS(M and Mc¢NICOL.The data indicated that fatigue-

cracks did not initiate in steel structural components when the _
- body configuration,the notch geometry and nominal-stress fiuctua;
tions were such that the magnitude of t:he parameter A}S/\/p— was

less than a given characteristic value of steel.In general, the
value of this fatigue-crack in:l’t:iationi-‘l:hresho].d(l.\.KI Np )th in

creased with increasing yield strength or tensile strength of
the steel. |

They showed that fatigue-crack initiation threshold at
AK,/Vp =85Ksiwas reasonably applicable to notches having a
Vstress-concentration—faétor value,K; ,that ranged from 17.2 for

the specimen with p=0.008 in. to 2.9 in. for the specimens with

They suggested that the fatigue-crack 1n1t1at10n threshold

in martensitic steels of various yield strengths tested under
zero to temsion load fluctuation can be predicted by the equa-

tion.

AK,
G, VP

s

0.6 . " (3 06)
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Tﬁé use of this :elationship to prqdict the fatigue~crack
initiation threshold in various metal alloys may require nor-
malizing the relationship with respect to Young' s modulus, E _,
or some power of E,

The test da‘ta showed'that,in tﬁe finite-initiation life re~
gion,the number of elapsed cycles required to initiate a fatigue

crack at the tip of a notch,N, ,is related to the parameter
AK[ /Vp~ by the equation

N =g ! ' (3.7)
0 (akvp )" |

Where, IB is a constant and the value of exponent,(n) ,de~

creases.

7/

The data also showed that at a constant value of the parame-
'ter;( AKI/\/E ) ,the number of cycles required to initiate a
fatigue—-crack in the region of finite cyclic life,increased

as the notch-tip radius increased.

4.BAUS, H,P.LIEURADE, G.SANZ,and M.TURCHON [5] investigated
fatigue~-crack initia’cion at the root o;f a notch.(fhe‘specimen :
material was two kinds of high-'—:s‘hrer“‘gth steels(AFNOR %5 NCD 16
and,.35 NCD 4),.,They used compact tension specimen,l5 mm thick,




7
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\ having various notch:root radii between 0.003 in: end 0.04‘in.
All crgck initiation teéting was conducted on a sérvo-hydraulic
fatigue machine of & 100 KN under tension to tension loading
conditions and at a frequency of 20 Hz.In order fo detect fa-
tigue—crack lnitiation in the center of the specimen,they used
two mcthods which were compliance measuremcpt and potential‘
dfop method. _ N

They showed that for the same notch root radius,the test

points lie on a straight line.If the mumber of cycles to ini—

tiete a fatigue-crack is to be kept constant a higher load
‘amplitude must be applied to the specimen for increasing the

stress intensity fluctuéting as the notch root radius increascs,%
When the Ny v.s AK /Vp diagram was plotted,it was noted that
the points still lie on straight lines at constant notch root
radius but correspondingZ&K lfﬁ'levels decreases as the root
radius(P) increases.

) Another approach of elastlc analysis is fatigue notch factor
(Kf)hwhich is characteristic of both the mechanical notchcand |
‘material.Kf is defined as the ratio of the fatigue limits of un-
notched specimens and a notchcd cpecimenQduring tests of the

same type.

It was not possible to cafry out a comparison with tests.qn

unnotched specimens when the notched ones were compact.Thus they

uéecheuber's emprical formula to dcfine the notch factor which
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Ky =1, K=1  (3.8)
1+VA/P

_ Whgre. KT »1s the stress concentration factor and A is a

material constant.
- N

Enowing Kp it was possible to calculate the amplitude of the

maximum stress at the notch root by the formula,

N
Alpac = K x A (3.9)

In elasto-plastic analysis of stress concentration,the modi-

fied Neuber rule was a powerful means of expressing notch root
stress-strain behavior.

K=K x K (3.10)
K_= AC (3.11)
AG
»K __A¢ ' (3.12)
€
A€ om

and H

' Kyx Do = VE.AG . A (3.13)
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After each initiation test,it is verified that for a given
‘material and given value of B. the ratio V E.AC. A€ /AE

rema:.ned constant whatever the value of N with only a small
scatter in the values around an average value which they call

EP
K £ «Xnowing the values of Kf for each material and each notch

configuration, they presented the test :r:eeults relating KE XAG-nom

and N in a graph.

1\}, the fatigue notch factor and K%P ,elaeto-péastic initiae-

tion parasmeter which cap be calculated. from the Manson-Coffin
curve and cyclic stress—-strain curve of the me{;eri_al.‘rhey

‘suggested that these parameters did not yield the same accuracy

for the calculation of the number of cycles N, .The KfEP approach

showed that there exists a good correlation between fatigue-
crack initiation when Ni<105 cycles and ;nateriels low-cycle
fatligue behavior. .

They were in good agreement with BARS(M who suggested that
the elastic (AK / \/— )th approach was very helpful when N;> 106
cycles. ( AK/\/—_)th defines a threshold value under which no
crack occurss

K.SAANOUNI and C.BATHIAS [ 6 ] studied on the fatigue-—crack
initiation in the vicinity of notches o.f the 316 austenitic:.

stainless steel.They used 28 notched compact tension speci-
mens with two different widths, various notch depth (a) and

reot radii (P) .
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Crack-initiation testings were cc;nducted on hydraulic fé-
tigue test machine.The loading cond,iti.on was tensipn to ten-
sion and frequencies vary between 0.l and 5 cps. in air en~ ;
viroment and 'room temperafure.Fatigue-érack initiation was de-
tected by three different monitorihg; tech'niques‘. |

One procedure involved electrical potential variation with

time.The second procedure involves crack opening displacenent

variation versus time and third one,the use of scaled microscope

mounted at both polished sides of compact tension specimens.

Their test results showed that for the same N j.,'AG:K,,,,inc:I:-eas- |

ed when notch root radius increased.The real stress amplitude

at the noteh tip Al yy was

2 _AK
v Vp o

AG 2y =K A8 nom™ (3a14)

For both pafaméters ' (AK/\/}S— and KTA()}'mm) it is assumed
" that initiation was an elastic phenomenon neglecting the plas— ‘

ticity deformation at .tip of the notch.They defined & critical |
| value for notch root radius (pc) below‘which the pumber aof

cycles N; was independant of O min. .The critical notch root

_ G max
radius was found to be 0.25 mm,

Although the nominal stress range may be elastic,there i

PR

élways a plastic zone which caused by the localized stresses at

| ‘ . N -t NES‘
A - anih7ICH {MIVERSITES! KTUPHA
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the notch root.Therefore the elasto-plastic analysis was used

to predict the number of cycles to initiate a fatigue-crack,

A function of damage is defined as, ( VE.AG. AE ).

2 : ' -
KT' = K\T X KE. ) (3015)
Ke = _ACnom - (3.16)
A6
KE =___A_€__n.in_"_ g (3.17)
A€

Ko is introduced instead of KT in the above relation and

if the nominal stress range AG,,y, is limited within elastic

range and
A€ o = ~B8nom (3.18)
‘ E
thus,
K xAG,,, = VE.AG. A€ (3.19)

where both AQG  ‘and A€ were calculated using the cyclic

A.atress-strain curve and Manson-Coffin one for each Nj .
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The variation of damage function versus I\Ii showed that all
the test results,lie on one unique line for two types of spe-
~cimens and all notch root radii. |

This could be expressed as;

1ot

N, = [\@ /VEAG.AE | (3.20)

Where,(Y) and (®) are material constants.In equation-3e9

A€ = A€, + A€, in which the plastic deformation is not neg-

lected.In using Kp.AQ,,, one most also take into account the

plastic deformation.But AG .,

is calculated by neglecting
this fact.So the only parameter that can take into considera-

tion for plasticity is the fatigue notech factor Kp,called K‘_E.

The Neuber relation,

Ke - 1
1+VA/p '

Where A is defined by Neuber to be a material constant which
represents the distance froin notch tip "after which there is no

more stress gradient.




.-28-.

2
A=[(K,_Kf)/(Kf-1")]xp - (3.22)

In constant amplitude test with different values of AK
(or AP),for the same notch geometry,they showed that the func-
tion (A4) depended not only on the maﬁeriélvbut also on K which

generated the plastic zone size.

A=Y (material,ry) ‘ (3.23)
Monotonic plastic zone is,where the material is monotonically

plastically deformed,its size is;

B O L N Y
6 | |
. (3024‘) -

fym

Cyclic plastic zone is where the material is deformed plas~

tically in a reversible manner,its size 1is;

(3+25)

- s

‘Do define the fuction ¥ ,they plot the values of A calcu-

lated using equatiohr&laversus (ry) and they found,
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A=0.02 exp (1.87 1y ) (3.26)

Introducing Neuber relation,they obtained

Kf =1+ [(K:J /(1+(0.02 exp(1.87VE ) /p ;Iz,] (3.27)

‘Where K; is the theoretical elastic stress concehtration
factor calculated from the critical notch root radius.

Plotting the relation between Kg xA(rnom and N;,it was sugges:
~ted that to predict the number of cycles to initiate a fatigue-
crack, the belbw formula could be used

1/t

. b
N; = [A /(Kf‘AG;om)] (3+28)

Where,A' and o were constant for 316 austenitic stainless
steel. |

The test results showed that the localized material element
in the tip of the notch,is plastically deformed and crack ini-
tiation needs to be studied by an elasto-plastic analysis.
Although the analysis based on function of damage (VE.AG.AC )
gave better results in prediction of N;.The real values of A(

and A€ are obtained by experimental techniques.On the. .~
other hand,the analysis based on el‘asto-;-plastic fatigue notch




factor KfP was more advantageous for simple prediction of Ni'
The function of A' needs to be well defined in the clasto-

plastic analysis.




CHAPTER = IV

EXPERIMENTAL WORK

4,1- MATERIAL PROPERTIES

- The material used throughout this experimental study was
- 2024~T3 type of Aluminium alloy,with the chemical composition

and mechanical properties as below [ 14]

CORE | Fe | cu | Mn [Mg [ 2zn [ Ti | va |Z |[siticon

°lo 05 |[58.68|02_04| 002 | 01 |002.001 005 010 | 05

AS™M pumber B 209

Govgrment nnmbe:/ : QQ - A - 250
Typical useé : tAircraft structures,rivets,hard Qare

" truck wheels,screw-machine products e.t.cC.
Density : at 68%F (20°C) 2.77 kg/cm’® 0.100 1b/in’
1180%F (638°C)
935%F  (502°0)

Liquidus temp.

L 1)

Solidus temp.
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Thermal expapsion
~76 to +68°F (-60 to +20°C)

68 to 212°F ( 20 to.100°C)
68 to 392°F ( 20 to 200°C)
68 to 572°F ( 20 to 300°C)

Specific heat at 212°F (100°C)
Thermal conductivity gt 77°F
Electrical conductivity
' Electrical resistivity at 68°F
Rockwell hardness

Brinell hardness

L)

micro-in/in/°C
21.4
228

25,9
2447

0,23 cal/g. _

0.29 cal/cﬁ/cm/°0/sec.

30 % TACS

5.75 microhm-cm

83-87 RH(B)

120 (500 kg load 100 mm ball)

T3 Heat treatment :Solution heat treated and then cold

worked by flattening operation.

Mechanical properties of 2024-T3 Aluminium alloy plate:

Ultimate tensile strength
Tensile yield sfrength
Compressive yield strength
Critical stress intensity factor
Elongation

Modulus of elasticity

Fatigue limit

: 67y, =64000 1b/in° =45 kg/mm

2

$07yg =42000 1b/in° =29.5 kg/mm

:G. =45000 1b/in° =31.6 kg/mm
cYS /o

: Kg  =40000 1b/in’ 2 140 kg/m_g'

:t 18 % |

10.6x10° 1b/in’= 0.75x10%ke/ ¢
2.
17-20 kg/mm



4,2-THE SFECIMEN PREPARATION

The specimen have been prepared in the department of Jet
motor of Eskisehir Supply and Maintenance Center before going
on with: testing on electro-hydraulic closed loop ( MTS 812 )
fatigue testing machine.

Fatigue-crack ihitiation tests are perfdmed with the com-
.pact tension specimen which is single-edge notched and pin
loaded in tension.The geometry of the compact tension specimen

and notch are shown in figure=i4.,1

b
e

. % o L —

R

2 g ) H ____.‘_.__'

s o s s d

a ey e e o o]

a B
W
‘ .
— it S
.;{\; . 0.04<?<2 mm _ P-_—.Z.Smm

| Figure-4.1l




In this study,Dimensions are chosen such as;

W=45mm
a =21 mm
H = 55 mm
B=10mm
F = 22.54mm
@ = 10 mm

The specimen were cut the notch being in the rolling direc-~

tion of 15 mm thickness Aluminium alloy plate and marked.The
pin holes,root radii‘and notches were machined using a sharp

milling cutter.The notch radii vary from 0.04 mm to 2.5 mm;the

notches were cleaned and polished by shoot peening.

4,%-EXPERIMENTAL PROCEDURE FOR FATIGUE-CRACK INITIATION

Crack initiation tests were conducted on electro-hydiaulic :
closed loop ( MTS 812 ) fatigue testing machine with a maximum ;
capacity of 10 tons.under sinusoidal tension;to tensiod loading':
conditien at constant amplitudes for all tests. 4

‘The test frequencies are 3 Hz. and the conditions are stan-
Adart with ambient room temperature.Fatigue-crack initiation is
detected by means of a Gaertner Travelling Microscope (10X )

The microscope is mounted such that one can look directly into
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the notch root (figure-4.2).and scan the notch root across:the

thickness (B) for incipient crack growth,.

microscope

Figure~4,.2

- Each test is terminated when fatigue~crack initiation is ob-

served at the notch root on the microscope and the number of
cycles is recorded.The applied load selected from 40 kg to

650 kg for different specimens havingAdifferent notch root radius
The applied load moditored through a digital voltmeter.The num-
ber of load cycles is counted by the MTS fatigue testing machine.




Figure
-‘l'o
%  EXPERIMENTAL SET
-UP
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Figure-4,5 EXPERIMENTAL SET-UP
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44~ RESULT AND DISCUSSION OF FATIGUE-CRACK INITIATION TEST -

All of the fatlgue-crack ipitiation test :r:esults are
sumerized in table - 1

Maximum alternating stress cari“be calculated by equation-—
AKI is the stress-intensity fluctuation which is obtained for |

‘compact tension specimen as [ 8 ]

A KI= L f(a/W) (4.1)
BVW )

£(a/W)= 29, 6(&'/W)l/2 -185.5Ca/W)% 2655, 7Ca/ W) 2-1007¢asi) V2
+638.9(a/W) ¥ 2

Where ,

AP Applied load
: Thickness of the specimen
W : Width of the specimen
a ¢ Crack length

Nomipal stress fluctuation is calculated by the equation-

For compact tension specimen[ 6 ]
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It is given as;

ACnomz__é_‘l_

! 3(W+a) (4.2) |
B(W-a) | )

(VV a)

The fatigue-cra‘ck initiation behavior 'o'f_ the specimen is
’ presentéd in figure-s.1 ,in terms of the mumber of éycles for
fatigue-crack initiafion,Ni,versus the nominal stress fluctua~
tion, AQ ., « | |

The data presented in -:t‘igure—gjﬁ for Jo:l.5 mm,show that the
number of cycles to initiaté a fatigue-crack in_thé low-cycle

region,whic.h is defined NisBXlO4 cycles,can be calculated by

N; = A (A(l;om) (4.3)
Whére, for -p=l.5 mm 'n=l.8'8  A=6.5x10°
- p=0.5 mn p=1.72 A=8.1x107

The increase of values of (n) and (A),for different notch
ro0t radlus show that the number of cycles required initiate a
fa‘bn.gue-crack (N ),can not only be related to the (AKI) but

" also related to the notch tip radius.
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Barsom and McNicol [ b4 ] show that,for -HY-130 steel,n=2 for
fatigue-crack increase to 7n=8 for unnotched specimen.

The data, presented in figu_ré-s.ﬁ indicated that the number
of cycles required to initiai:e a fatigue~crack at the tip of
the notch, N, »is related to the parameter (AK; /\/-p_‘ ) .

This relation is defined by the 'eq_ua’cion—

N = B ! SR (4ot8)
pK; 1 |

Vp

Where, (@) and ( k) are constants,for constant notch root
radius,the value of( @ ) can not be predicted in limited fatigue-

crack initiation test data.When a small scatter band is plotted

for the overall fatigue-crack initiation test data,the value of

o 8 9
( B ) is varied from(6.46)*10° %o (3.16)#10 .The value of exponent

( k) is equal to 2.7

It can be noted tlilat.'AK1 N increéses as Ni increases in
figuref-is.,z .Pearson [1] ,Jack and Price[2] ,Barsom and
McNicol [ 4] gave the same relation ( 4.4) for fatigue-crack
initiation.

Pearson suggestéd that the value exponent ( k) was 5 for
aluninium alloy,the value of ( k ) was 4 for mild steel,

obtained by Jack and Pi'iceo
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" However,Barsom and McNicol [ 4 | show that the value of expo-
nent ( k ) is related to the notch root radius (>p ). |

If the value of AKI/\/F is equai'or lower than 22 kg/mm’-2
for 2024-T3 Aluminium alloy,the number of cycles z'-equired' to
initiatg a fatigue-crack, Ni »18 grater than 4x105 cycles. -

In tﬁe case of crack-propagation,data of different materials
may be combined by normalizing with the elastic modulus _( E).
The same approach may be tried on initiation data.Hence the
value of AK,/ 3 is normalized by the elastic modulus ( E )
and entered in table-2.When the log AK,/Vp E v..s log Ny is
plotted,it can be seen that the test points of 202%3_ Aluminium
alloy and steel lie on the strai‘ght lines in figure-5.3

The slope of lines are;

k = 3.7 - for | Jack and Price
k=4 for Barsom and McNicol
’“k = 6.2 ~ for  Vardar

ki= 2.7 for 2024-T3

k

= 4,82 - for Pearson

In this study,the test results are in good agreement with
Barsom énd McNicol,Jack and Price,Pearson.In the low-cycle re-

gion,the value of AK /Vp E  is grater than the 351072 fop

steel and aluninium alloy.
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An experimental fatigue notch factor which characteristic of
both the mechanical notch and material.lt is called K, and
definéd as the ratio of the fatigue limits of unnotched speci- .
men and a notched specimen 'during tests of the same .type.ﬁé it
is not possible to carry out a comparison with tests on un-
notched specimens whén the notched ones are compact tension spe-

cimen.This coefficient is determined by means of an emprical
formula which is given by Neuber. | o

N K'r« -1

Ke =1 + - (4¢5)
1+ VA/p

o, 3 |

A (260G (446)

Where, A is a material 'constant.Heywood [l] says that for '
aluniinium alloy, A = 0.07 mm, | ) /

Knowing K? ,it is possible to calculate in each case the
amplitude of thé maximum alternating stress at the notch root

by the formula,

N | .
DGy = Ke AG7\om (44?7

In ‘elastic. analysis,the parameter K'T ,which is defined

olastic stress concentration factor,is possible to write as [51
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K=T= 1 | X 2 AK‘ | (4‘.8)
| AGr:om VT[P , ' ’

The values of KT 'and Klg are calculated for each specimen
‘and entered‘ in table - l | ,

In figure-s;g log K?x AG,,m Ves log N, is plotted.It can
be shown that the number of cycles required to initiate a fa-

tigue—crack is related to K':x AGT\om in log-scale.

| N ‘
Pearson suggested that Nj could be related to Kix A0,

linearly in log—scéles for L 65 aluminium alloy.




CHAPTER - V

CONCLUSION -

There ere two different points of view on fatigue-crack initiation
of the materlals under gyclic~ loadlng. One of them elastzc-approach

the other one is elasto—plastlc approach.

- In this etudy,.the elastic approach was used and the fatigueecrack
initiation was irﬂestigeted by usingAlinear-elastic-frecture—mechaniq
( LEFM )7concepts and theory of stress-concentration in ﬁctched'specﬂ
men. | ' v

The number - nf cycle requlred to start a fatigue-crack inathe, low-*
cycle reglan,thich is deflned N 5x104 cycles can be calculated

by}eguatlon-B.l

No= A AG;M (5.1)
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The stress intensity factor fluctuation AK, have been

calculated from the equation-4.1 for compact tension specimen,
in ' :

The test results are goodragreement with Barsom-McNicol ,Pearson
" and Jack-Price.It can be deduced that the number of load cycles
required to initiate a fatigue-crack is related to the ratio of
the stress-—intensity-factor fluctuation to the square root of
the notch root radius.This relation is defined by the below

formulsa.

N1=F ,» - | (5.2)
Vp

Where, the value of exponent ( k ) is equal to 2,7
Fatigue—crack initiation can be expressed in terms of the

maximum stress fluctuation Aq:nax

AK, /\/— is related to Al,,-
For 2024 - T3 aluminium alloy,if the value of AK /\/'p— is

at the notch tip,because

equal or less than 22 kg/mm ,the number of cycles requlred to .

initiate a fatigue-crack is more than 4::105 cycles.This crite-—

rion can be defined as a threshold value for the notched struc-.

tural components because the fatigue limit of 2024 ~ T3 alu-

8
minium alloy 17 - 20 kg/mm is..based on 10 cycles

2
Normallzlng the equation of (AK /Vp )_ 22 kg /mm

we geb;




— 1 =07 - (543)
=

Fatigue-crack initiation threshold in alumipium alloys of

various yield strengths can be predicted by using equation~
- Barsom and McNicol suggested that threshold value of AKl/G;s ()

were 0.6 for various steels.

When the log AK,/EVp v.s log N; is plotted fer steels
and aluminjum alloys,it can be seen that the test results lie
~ on the different straight lines for differént materials and
there is not any test point below AK, LtEVp = 5;;10"5 in low-
cycle region, |

1f the notch factor is known K, ,fatigue-crack initiation
life can be predicted in termg of the maximum alternating
,étress{at the notch tip in elastic analysis.lt is difficult to
: define the material constant ( A' ). (AG ) and (A€) _which

- are calculated using finite element methods or by using the

cyclic stress—strain curve and Manson-Coffin one for each ‘Ni in

elasto-plastic analysis. Ky and Kg parameters do not yield

same accurcy for the prediction of the number of cycles Ni in

terms of the parameter AK,/Vp .




TABLE - I

ROOT

LOAD

N

N.

No. |RADIUS | AP (g tkg?j:r?’ 2y rkim fgg:n:;z ﬁgﬁ%? ey | " e
2 |eos 160 1888 | f4.44 | 4640 |95.28 | 5.6 7014 | 83y |ms30
2 |oos 150 12.68 7907 | 4.4 |89.92 | 5.25 16.99 | 878 [i8800
L 0.04 126 14.85 | 7428 | 3858 | 83.22 | .44 19 815 HF5O
8 0.5 350 41.3 58.40 | 543 | ¢5.9 | 42.25 538 | 4187 |i0740
9 05 120 1G .5 20 1%+.57 22.58 L{; 2 5.37 4488 | 140510+»
10 0.5 450 53.4 75.40 | 53.39 | &7.¢4 15,75 4.29 2.39 f600
12 4 450 53.4 531 50.62 55.9{ 45.75 3.8 3204 | 27750
13 4.5 | | 250 29.5 24.09 | 23.389 27.(B 8.75 3.406 | 2,73 qooooot
16 | 4.5 500 59 4848 | U739 | 54.3¢ | 4.5 3406 | 2.731  [27600
15 1.5 4o 41.2 | 38.53 | 38.23 | 43.33 14 3.406 | 2.234 |45450
18 2 600 70.8 50.06 |56.88 | 56.49 | 21 2.¢6s3 | 2423 0450
19 450 53.4 31.55 | 3846 | 42.37 | 1535 | 2.69 |2.u23 |47aes0
21 2.5 600 70.8 | 4G.FF | 46.26 50.52 21 2.40% |2.203 (39750




1ABLE-1L

ANy |Ak/eNs | i

120 |53 16® |30 000

| 432 &3 156> | 20000

BARSOM

And 160 7.6 46° | 10000

MCNICOL 108 8.57 15°| 5500°
| 209 2.9 15°| 2000

4F.A 2.24 153|31%50

JACK ¥3.3y4 352 163 46use
: pmcgnd 9904 | 462 16°| 8720
- 123 5.86 163]| 5000
154.7 | %36 18°| 2000

443 6.80 Is°| 157 ooo

165 725 1S 52 000

165 785 16°] 52 voo

VARDAR 165 |83 (7] eSooo |
~ 208 99 16°|{z3m0
208 a9 16> | 14000

208 99 15> |20430

209 | 3.9 6|44 000
42.7 3,85 16°] 1¢°

50 4.55 16°| 88000

- 549 |63 46|44 300
PEARSON | 6%.6 | 735 1840250
95.5 | 878 15| €400
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