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FATIGUE CRACK GROWTH PREDICTION.AND ATATYSIS

In this thesis, A computer program prédicting the fatigue
life of the speciméns subjected to randomized bleck loading is pre-
pared. A detailed description;pf fatigue crack growth and predic—-

tive models are reviewed.

The computer program AXYUREK-I takes also the retardation
phenomenon into consideration. The FTheeler and.Willenborg retarda-—

tion models are used.

In the program, center-crack panel, single and douﬁle edge
* cracked speciméns, compact tension specimen, bend specimen and
surface flawed plates are considered. A cycle-by-cycle integra-

tion scheme is used.

"The results of some experiments are used to review the ex-

isting crack growth prediction models.
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YORULMA CATLAGI ILERLEMESI TAHMIN VE AWALIZI

Bu tez. Qallgmas1nda, dizensiz blok yukleme tetbik edllen
déney ﬁuﬁﬁﬁéié}inln yorulma glirelerini tahmln eden bir bilgisayar
progremi hazirlanilmigtir. Ayrica yorulma catlak ilerlemesi ve
yorulma siiresi tehmin modelleriii igeren genig bir dériéme yapll—
mistir. _ o
- AKYﬁREK-I-bilgisayar programi catlak ileflemesindéki gecik-—
me olgusunu da g6z onilne almektadir. Vheeler ve Willemborg gecik-
me modellerl kullanllmlstlr. ' A

Program merkez catlakli, tek ve 31ft kenar gatlakll deney
humuﬁelerl, standard ufak cekme numunesi, bilikme numunesi ve yizey
gatlakllAplakalara uygulanén yikleme durumlarini degerlendirmekte-
dir. GCetlak ilerlemesi; yﬁklemé dalgalari bir bir gz Oniine alina-
rak, her bir yilklemenin neden oldugu ilerlemeleiin toplama olarak
diiginiilmiigtir.

Bazi deney soﬁuglarlnl kullénarak, prdgramdaki catlak ilexr-

leme metotlarinin deéerlendi;meleri\yap11m1§t1r.
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I,INTRODUCTION
Fatigue of materials is a common problem that affects everything

that moves,and e&en apparently stationary objects may fail in fatigue if they
experience cyclically imposed forces or deformations. There are innumerable

‘ problem.areas. Automobiles fatigue from rough roads, airplane wings flutter in
flight, bridges‘deflect under each passing vehicle, ships are heaved by the
waves, and nuclear reactors are damaged by cyclic temperature chenges,:

The goal of this study is to prepare a computer program using the Wheeler
and the Willenborg retardation models, This progfam predicts the cycliq_lifé
_of the edge-cracked, center-—cracked, double-edge-cracked, surface flaﬁed, ASTM
-gstanderd ¢ompact-tension and bend specimens under randomized block loading.
Since the computer program requires a high knowledge of fatigue crack propagation
detajled review of that subject is given in Chap{ers~II3~III, and IV,

In reality materials experience variable amplitude load fatigue. Because of
the difficulty in treating.the problem in real conditions, research has been
devoted to predict the variable amplitude behavior froh the constant amplitude
data, , ‘
The subject of linear‘crack growth is reviewed in Chapter 1I, Since stress
intensity factor range is the governing parameter in crack propagation, stress
intensity.evaluations are presented. THe crack tip plasticity is the basis of
the theeler and the Villeﬁborg retardation models, therefore it is also revieved
in Chapter II, A ‘ . _

Many models have been developed to take into account the retardation
.phenomenon in variable amplitude fatlgue, The best known four models; the kheeler
model-the Willenborg model-the crack closure model-the root mean square approach,

aré presented in Chapter 117, | _
The models usually. overestimate or underestirate the fatigue life, In orde

N

to unuerstand the reasons of that, the ¢actors-affécting crack propagation should

be knowvn, They are reviewed in Chapter IV,



The computer program, AKYUREK-I, is given in Chapter V., Sample calculations
using AKYﬁREK-I, their comparisons with the test data and the reasons of difference

between calculations and the test data are presented in Chapter VI.

Chapter'VII presents the conclusion of the study. Users manual for

AKYUREK-I is given in Appendix-D,



IT. FATIGUE CRACK PROPAGATION
2.1. Patigue Crack Growth,Unaer Constant Amplitude Loéding

* Linear Elastic Fracture Mechanics (LEFM) regerds the stress
intensity factor as'a_sﬁfficient parameter to describe the whole
stress field at the tip of a crack. When there is a plastic zone
at the crack tip, fhe stress intensity factor may still give a
good indicatiop.of the stress envifdnmént of the crack fip, provi-
ded the size of the zone is small compared to the crack length.
If two different cracks have the same stress environment, i.e. the
same stress ihtensitykfactor, they behave 4in the seme manner and
show equal rates of growth (1ff The rate of fatigue crack propaga-
tion per cycle, da/dN} is governed by the stress inteﬁsity factor
range AK, | o

da /AN = f(AK) = £ { (Cpax - (;mn)J a = f{?(a\[ﬂa} (2.1)

Vhere - Chax and Chin are the maximum and minimum stresses in s

cycle, end (a is the stress amplitude.

%IParenthetlcal references placed superlor to the line of fext refeJ
to the- blbllography.



Paris (2) end Paris, Gomez a2nd Anderson (3). were first 10
point this out. Data obtained from specimens tested at various
stress levels should all be on & single curve. Figure 2.1. shows
a plot of data (4) obtained at three éifferent stress levels, but

' ﬁith the minimum stress in avcycle always virtually zero (the cycle

ratio R = Cpin/ Omax = 0-05).

SCmax=%5 %/ﬂh\‘/ @ Gmax= %5 kg/nm"
» J

JOO-U A = e « = {
? &« =12 « & & 1L nl

100

3/2

AK, kg/mm
L
L]

0.0} 0. i [X=}

i__;, da /4n ((um/cgcnlc) ‘ e

'Figure 2.1. Relation béfween stress intensity factor and crack pro-
‘ pagationArate (4). |
The data in fhis-figure indeed obey eq(2.1).
Equation (2.1) is sometimes assumed to be & simple power -

Tunction:
da/da¥ = ¢ (AK)™ -  (2.2)
in which C andyn are supposed to be material constants. A double
- logarithmic plot of da/dN versus AK would then be a straight line,
- However, eq(2.2) does mot fully represent_reaiity; Actuel data fell
A'on a S—shaped curve, or oOn atline with varying slope (5,6), as
| shown'iﬁ figures 2.1 end.2.2. At low AX values crack prdpaggtion

.is extremely slow. Conceivably there is a threshold value of AKX

.. below Whiéh there is no crack growth at all (e.g.7). Experimental



verifiéation of the existence of this threshold is difficult. A
growing crack of some length has to be arrested by gradually dec-
reasing AK until below the threshold, e.g. by decreasing the
stress amplitude. .The interpretation of the results presents often

difficulties in view of history effects.

tool

) le) 5o g Voo
=]
.TJZQW””"#}

“
&
. 1000
o0

wh 1,/

i00

1 {34

R 1 - £ i . if, 2 N 2 : 3
S WO 20 3 -4 50 £0 7o © 16 20 30 4Lc STt 4O 7
— AR (KsINTA) —s AK(KsiVTA)

Figure 2.2. Crack growth rate versus stréss'intensity factor rénge
(57.

According’to the mechanism of fatigue crack growth, the amo-
unt of grthh'perrcycle-is closely related to the crack tip opening
displacement. Therefore, attémpfs'haye been‘made (8,9) to corre?a
late the crack propagation rate with the crack opeqing displacement.

‘This leads to relations of the form

da _ c(sK)? __da _c(sx )?
- - | (2.3)

ax ECys aN

in which E is Young's modulus'andé&s is the cjclic yield stress.
These equetions are intereéting, because crack propagation can be
considered as a geometric consequence of crack tip opeming (10, 11,

12)1, It has been shown (e.g.l3) that data for a large variety of

A



materials fall within ome large scdtter band when plotted on the
- basis of AK/E versus da/ 4N, as suégested by the second expres-
sion in eqs (2.3). However, a mere glance et figures 2.1 and 2.2
shows how materiais with virtually the same Young'é modulus,can
have widely different crack propagation properties. This is pro-
bably due to the fact that many more»parameters are involved than

those occured in eq(2;3).

Many other equations have been propoeed. They are- analjzed
in a concise paper by Pelloux (14). TFurther work to derive an equ-
ation with a sound physical basis vis certainly needed; it must be
ant‘i‘cipated that this finel equation will be a complicated one if
it is to ha..ve. a generalnvalidity, For the technical problem"of

fatigue crack prepagation the simple knowledge thatrda/dN is a

function of the stress intensity factor will often be suf:f’icie’ht.

A\fatigue cycle.is defined'by'a frequency and two stress
parameters. These can bevthe mean stress 6" and the stress amp-
litude Cg , the minimum stress in & cycle (Gﬁln =Gp-0g) &nd
the maximum stress (dhax =Cp+ (g )s Oor other combinations of two
of these four parameters. As‘long as'the'cycle ratio (R = Gmin /
Gmax) equals zero, one can sneak unamblguously about the stress
intensity factor of the fatigue cycle, since (me.x = 2(3:[5( .

The hypothesis that the rate 5: crack propagation'is a function of
'étrees intensity factor presents no difficulties. When R # O the
range of the stress intensity AK = 2 (a,/’—g is an insufficient
descrlptlon of the. stress environment of the crack tip. Thelques—
"tlon arises whether de/dN will now ' be & :E‘unct:o_on of AKX, or of

"the mjaxz_mum stress intensity _:Ln a cycle (KmaX =(max Jria ) or of

both.
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It appears‘(15,16) that the rate of crack propagation is a
function of both AKX and Kmax' This. ean be abpreciated from fi-
gure 2.3. It can be concluded that

de/aF = £1(AX, R) = Tp(Kpay » R) = £3 (AK, Kpor ) (2.4)

Several investigators havé tried to establish empirical relations
which ettempt to incorporate the effect of the cyclé ratio sﬁch
that all data couid be condensed to a singlé curve. Broek: and
Schijve (15) proposed a complicated relation, but also the folléw—

ing more simple Qne:
da/dN = C Ko AR - ) | (2.5)
| A'similar equafioh_wéé given By Efdoééh (16):»'Wa1kef (17,18) used
the more general equation B o
da/aN = © erﬁaXAKh - o (2.8)
which he modified by introducing an effective AK, yiéiding‘ |
da/aN = C AE™ .where AK is defined as

YN m o
AK ZASmax (1—R) Jlia v (2.7)

90 - . e

Kl Kmax ‘kg/l"m ) o ¢ ;
co.T 3% A i
50 | L PN _ o

. ol

20 -

o.cl ' |
dd mm/kc
N !

' Figure.Q,B. Effect of cycle ratio en the relation between crack

growth rate and stress 1ntens1uy factor (15),5024 ~T3-
alloy.



Forman et al. (19) argued that da/dX should become infinité‘when

the crack reaches a critical'crack size, i.e. when Kmax reaches ch.
They arrived at ‘
da -- C AKZ - _C Ax%
dN : ,
(l—R)Kle-AK ‘(1-R)(K1G—Kmax) ‘ (2.8)

which can be.rearranged to give:

da_ _ C AX Kpax
an r .
K6~ Kpax

(2.9)

The'&ifferences among these expressions are not large, and none of
them has a general applicability. Eech one mey be found reasonably

satisfactory in a limited region or for limited sets of .data.

The question arises whether eq(2.4) still holds for RXO,
i.e. when the stresses go into compression. A crack is not a stress
raiser in compression and the expressions for .K lose their meaning.

This suggests- that

da/dN = T (kmax)'for'R.<Q - | : (2.10)

-Thére have been many arguments about the validity of eq(2.10). The
data (20) plotted in figure 2.4 seem to support the equation. A
crack will not alﬁays close exactly at the moment the stress'revére

ses from tension into compression.
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Figure 2.4. Crack propagation rate at negative cycle ratios (20).

7075-76 Al-alloy.

The moment of closure depends upon the mﬁgnitude of the cféck ‘cip .
opening attained in the tens:n.on part of the cycle, and upon the
plastic deformatlon properties of the materlal (20). ‘l‘herefore ”

eq(2.10) should probably be modified to

da/d¥ = £y (AR, K, ) = £5,(K . s R) for RYS

da/dN (I%nax) for R <5

= f4 (material'properties)?’v o. : (2.11)
2.2. Stress intensity formulations and the effect of finite size.'

Cracks in a plate of finite size are of great practical in-
tereét, but for these cases no closed fdrm solutions are avé.ilable.

The, probléms are difficult because of the boundary condifions_. An

<



. approximate solution can be obtained for a strip of finite width
loaded in tension and containing an edge crack or a central crack

(22).

First consider an infinite sheet with an infinite row of
evenly spaced collinear cracks as depicted in figure 2.5. Solu-:
tions for this case were given by Westergard (23), Irwin (24) end

" Koiter (25). The result is:

¢ U A AR N SR N RO t
ia T3 I€
I
oo [
* e
e : \
- a'
2.4 24 :
|
|
t

S S A

Figure 2.5. Infinite plate with collinear cracks.

Kr=0{ne ( ¥ tan LB ) (2.12)
) s w ) .

If the plate is cut along the 1ines‘AB and CD one obtains a strip

of finite width w, containing @& central crack 28 ., It is likely
that the solution of eq (2.12)’is épproximatelj valid for the strip.
In the case of collinear craéks a Strip‘of width_\Nbbears stfesses
(note that shear sfreéses are zero Because of.symmetry) along its
‘edges AB and CD (figufe'2.6)5.where es the edges of a plate of fi-
nite;size ére‘st;ess free. Supposedly, the stresses parallel to

the crack do mnot contribute much to.I( and cgnsequently eq (2.12).

' cen’ be used as an approximate solution for the strip of finite size.
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It appears that

¢
ﬁ‘TTT'f??TC
b W ¢

e

STTLIT I
- g
Figures2.6. Stresses on the edges_?f strip cut from infinite plate

‘with collinear cracks.

eq (2.12) reduces to K; = ¢lirma if (& /w) approaches zero, This
means that the finite strip behaves as'an infini{é plate if the

/
cracks are small.

Isidae (26) has developed mapping functions to derive stress
concentration factors. These can be used (27) to'compute.stresé
intensity factors for finite plates to any degree of accuracy.

Usually the result is presented as:
K=Y¢y= ' ‘ (2.13)

where Y ié & polynomial in &/w. The factor /R is often incorpora-
ted in Y, sometimeé it is not.® Fedderson (28) discovered thaf'the
solution.of Isidq is very 019se1y appoximated by '/EEETT§7W1 There-
fore a éonvenient formula foi.%he stress intensity factor for a
strip in tension is |

. | ; "KI=6J"ﬁ'é"' Jsecne/m o (2.14)
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A comparison of a finite width correction factors of Irwin, Isida

“and Fedderson is made in Figure 2.7.

K - >

Ly
3.5 | o w leq Ly
Ks € L

Fedderson, eq(2.i4)
Tsida
Irwin eq(2.i2) .

.i K 3 4,, N .‘1‘» .$ .5 L
— /W

- Pigure 2.7. Finite width corrections for center orabked plate.

Cutting the plate with collinear cracks (figure 2.5) along
EF end CD, one similarly arrives et a strip with an edge erack.
Analogous to the central crack problem the solution of eg(2.12)
can be used as an approximation for the edge crack. Again K re-
duces to K -¢yria for small &/w. However, the stresses acting
on the edge EF tend to slightly close.the'crack. Absence of these
stresses in the strlp of finite size results 1n a somewhat larger
displacement of the crack edges. Consequently K is somewhat
higher due to these free edges.. The\cOrrection factor is in the
order of 12 percent (27) Thus,,fer,a small edge crack ‘K is
given by o ) |

Kp = 1.12 ﬂ‘ﬁ‘a" : L (2.15)

Btress wnrenslty factors and the finite size polynomlals for a num—b

,ber of practlcal conflguratlons are collected in table 2. 1
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K expressions for

some practical geometries.
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2.3. Stress Intensity Evaluations in,Semieélliptical Surface Flaws.

_Natural.cracks occuring in praétice are often initiafed at
corners and edges. They tend to grow inwards and assume a quarter-
elliptical or semi-elliptical shape. The applicatidn'of fracture
mechanics to these "corner cracks" (quarter elliptical) and to
"surface flaws" or "part-through® cracks (semi-elliptical) requires
knowledge of the stress intensity factor for a crack with a curved.
. front.  Because of its technical significanée this problem has
received ample attention in the literature (29-40), A»Widely used

-~

approximate solution is discussed in the fellowing paragraphs.

. Sneddon (29) treated the prbblem of a circular internal crack
of radlus a (penny shaped crack) embedded in an infinite solld sub- -

gected to uniform. ten31on (flgure 2.8).

¢ | I /

Figure 2.8. Embedded'penny—shaped crack.

He arrived at:

K =20 Vra o | - (2.16)

I

A solution for an embedded elliptical flaw not being available, Ir-
‘W1n (24) ‘derived & useful expression on the basls of the stress
fleld around an elllp301dal cav1ty £s derlved by Green and Sneddon

(30). _The,dlsplacements found from the latter solution were rela-
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ted (29) to the stress intensity factor in the same vay as in the

case of through—the-thickness cracks. -

Studies of the flat ellipticalfcrack problem by Green and
8neddon. (30) provide principally the information that tension nor-
-mal to thelcraéf‘préduCes an ellipsoidal crack opening shape. As-
sﬁme the crack lies in the X-Z plane with its major dimension 268
along the Z-axis end its minor dimension 2a along the X-ax1s in

such a way that border points Xl,Zl of the crack correspond to

2 2 -
Xq 727
+ =1 : (2.17)
a? c?

. I fhé crack opening displacements .in the y-direction are represen®*

ted by ¢ then the Green-Sneddon result may be expressed &s

2 .2 1 ) :
P=ta- - Ly/E o (2:28)

8’ - C

where. (o is half the total separation of the walls of the crack

&t the origin.

a
T
. ]
I
o
I———— —
R ﬂ
i
!
' a— -
e v

‘Flgure 2. 9 Part- through crack in a plate show1ng a_men51ons a and

¢ of crack and plate thlckness, B.
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The desired expressions forg and K will be derived from
eq (2.18) rather than from stress équafions7fof two ieaSonsi'(a)
The stress relafions given by the Green;Sneddon paper are not ih a
form convenient for the calculation of (& néétr the border of the
crack; (b) The author wishes to establish the point that the,genef
‘rél shepe of the crack opening providesnsuffiCient information_to

determine 9 and K.

The p:ocedure to be followed consists first in a disqusSidn
of the variation around the border of the crack of the élastic ;
opening displacements of fhevcrack, .It ﬁill Bé nofédwthat de#ié—_
tions of the stress state from plane strain beéomevﬁegligible in
the limit of small separations ffom the crack border. Plane strain .
'"réiafioﬁéwafwgfféﬁd"K,-aéSdéiéted;with bréckédﬁeﬁing'diépigcément
then permit the desii'é;fcalculatiohs. o I

The positibn’variébles Xi_and Zlf.Which lie en the crack. -

borders may be represented in parametric form by

X

, =& fin¢ - : (2.19) °

Ty

L =cCosd L (@20)

A'change 'dd then corresponds to a segment ds of crack border
.given by - o 7 o . , v
. s = (a%Cos?¢ + ¢ sin®¢) ag L (2.21)
At a small normal seﬁaiation"‘r (inward from fhe.craék border) .- .-
straight forward algebraic steps from eq(2.18) -1lead to the expression
o s2or 2. 2., 22 Y2
‘ , 95 = To° == (&“ Cos“¢d+ c” 5in” ¢) ' i (2.22)
L. ‘ ‘ ac » S - - -
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The variation of displacement ? at fixed distance r from
the crack border as a function of ¢ will be cons1dered in terms .

of the variation with ¢ of

Thus o »
~e= ’1—'(a Cos® ¢ 4 c? sin® @) /e - (2.24)

Differentiating with respect to ¢ and using eq(2}21) one finds

B ~

| ae _ ?o ) (c -8, ) Sin ¢ Cos d

ds ac 8.2 Cos d+ 02 Sin g

(2.25)

WAt”tneftélueﬁof,'dﬁﬁhere'de /ds is largest the fractional change of

e 8cross'the segment ds is | . ' \ : 7

ae /p = Le= , o
e' € 22 & c? | | (2.26)
putting ¢ = 26 for specific'illustration,\the value of 4 ¢ /@ becomes

de /e= 0.6 ds/a : S (2.27)

The quantity e can be interpreted as the root radius of the
~elastic crack opening along the crack border. As & reference point
" approaches the crack border, ¢ Dbecomes the principal length fac-
tor associated with the crack.. If we know a solution for stresses
and;strains valid along a~crack—berder length . Ss'large'enOQgh-so
that'the'dimeneion'é is'negligible in comperison, thenm such a
'seintion.can be nsed to,supply an expression.for"? for substitu--

~ tion into eq(2.22)
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In crack stress-field ana1y31s problems e is always equal
to ( 6'/E ) times a dimension comparable to the crack size. Bear-
ing in mind that linear elaetlclty analysis regards ¢ / E as an

infinitesimal in comparison to unity, we can for example, choose..

$s = (%‘)P | ) o - (2.28)
or, say,
$s = (L) a | | (2.29)

Such a crack-border-length segment is obwiously short chpa—"
red .o crack size and long compared to @ » substituting 6s from
eq(2.29) for ds in eq(2.27) gives

de /e =0.6.(G/E) . | - (2.30)
which cén.be.regarded as meaning é cﬁaﬁges only by an ihfinitesimal
fraction across the border length segment ¥&s. '.The changes of dis-
Pplecements and'streéses near the crack border muét possess & simie
lar degree of constancy rélative_to a coordinéteAparallel td.the‘I
crack border. Sin¢e the ptoblem is symméfrical about the plane con-
taining the crack, a plane strain stress field fits the.cpnditions,:
of “the problem in local crack-border regions comﬁéfablé.fb dimen—
sions to ‘6s.

The threé Crack—Bofder"streSSffieldefor.Whibh~the'displébeé“i“
ments are indepeqdent'df the cOwordinate- prallélhto thé border”are- “

discussed in reference (41).  The first of these, openlng mode . i &

plané‘strain,‘is appropriate here and prov1des-the relatlons

. s 2:?_&1_—_5’_2_1 (2r) /'ZK : . o | (2.31) -
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(2.32)

Inserting ‘22 from eq(2.31) to ¢, 2 and c¢ from reference (31) or
find this relation by computing the strain energy change for a
small expaﬁsic’m of the crack boundary. ~ The latter is not difficult.
If the ellipse is expanded by adding fa to a and fc to ¢ where T
is verj small, the normal outward displacement, r, of aﬁy‘ point on _

the elliptical boundary is

”~

acf — K 1 : : - .
(a2Cos2 ¢ 4 c2Sintd) /e c (§.33)_

r =

Compﬁ;bation of the strain energy change 4dU from

leads to
- REef 132@ o (2,:;5)
(1-‘\) ) - :

where ¢ is the elliptic integrel
) /2 : S

o I L
) :f[smzd + () C°S-‘_’{] a¢ (2.36)

we 'also know the strein energy change is one half of ¢ times the

change in crack volume. - From this
du=2n(acf?° T o (2.37)

The vaiue of ":Qo found by equating the two relations fozj du equ-

a'tioﬁs (2+35) and- (2 +37) may be substitute.d into (2432 with the

result that

+
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: 1
e V2)e? (&) (alcos? g 4 ¢Zsin? ¢) /2 (2.38)
c

E§°

By inspection of eq(2.38) one observes :th.a't 9 is greatest where
the crack-boundary intersects the minoi‘ éxis., Thus with increase
of tension on a flat elliptical crack, ;che crack extension'shc;uld,
barring anisdt'ropy, tend to produce a circular crack bounda:_ry

shape.

The function @ increases w1th &), | Whén e is. infinitesimal‘
compared to c, @ is unlty. VWhen crack s?hape is c:.rcular é is T‘/2.
Other values of é are easily found from published tables of elllp—
tical integrals. Taking ¢ = W/2 it is readily seen that the
velues of unity and W/2 fqr”f'coire's'pbﬁ’d’," respectively, o the
Griffith equation | ' A

2 . :
G-Blea- Vo) (2.39)

and to the enérgy’-—releaseb rate for the penny-shaped crack
. . . _
_C,'=i‘f——6—E - v&% | (2.40
nE » : : '
The results of Irwin's analys:Ls_ﬂls
2 B
Ko= (ma(Sn 4+ & cos® ¢ ) Ya o -(2.41)

I @ c?

“in which é is en elliptical integral of the éécondrkind, given. by -

5 / - £

' {here a énd ¢ are as defined in figure 2.10. If a =g

*

Sin? d] - O (2.42)
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/ z ]|

2d

Figure 2;16.'E11ipfiéal crack

eq (2.41) reduces to‘eq(2.16), as should be the case. Values for
95 can be found in mathematical tables or in a graph as in figure

2.11.. It is possible to develop a series expansion for @

2 2 2 2 L
T2 4 c . 64 c . ' i
Even for a ratio a/c epproaching zero the third term contributes
only about 5 per cent and fherefore if édn be neglegted‘ingmost

. ‘ . /

cases, yielding

(2.44)

a i
2C

Figure 2.11. Suffacé»flaw parémeter.

and also: o . o : ‘
- Kg = ¢ fna 5 (Sin2¢ %jj%r’C0s2d),/4 : ‘(2-45)

1" sn,;,Re
8 8 ¢

Cc
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With only sllght modlflcatlons eqs(2 41) and (2 45) can be:
applied to semielliptical surfece flaws ~and to a quarter-ellipti-
cal corner.cracks. Therefore the equations are of great practi-
cal interesf. It turns out that K; varies along the crack front.
At the end of the minor axis (¢ = TT/Q) the stress intensity is
‘the largest. At the end of major axis (¢ =V§) it is the lowest.
Therefore; | 7. o |

K@ =72) = LIE g = o) =_§—Jl“§——/2 (2.46)

”~

Usually a number of correction factors are applied to thesé K-
expféésions. A surface fiaw is comparable to an edgé(crack, and it
was argued that this redﬁiresa.correction.factorwof gboﬁt,lZ.pefcen
to K. This is célled'the back free-surface correction. " Also, a

.plaétic zone correction ié offten applied to take account/bf thé

. fact that plastic defoimation takes place at the crack tip. . This

- plastic deformation makesvthe crack behave as if it were siightly
longer than its physical size. _Because of this, the plasticgzoﬁe

. t S s .
correction rp is a correction to the crack size;

| 52
Kpsl 12--,[)' (air) (slnd+ 5 Cos d) e ©.47)
N e c e . .
By taking £.2 ' . ‘
S . + (.. is the yield stress) (2.48)
ATL E‘@S ‘
the resulting expression for X is :
71 12 (Ve L 2. .82 2.1 o
is : (8in%¢ + = .Cos"¢) (2.49)
’ C M

l -
| ,/,552 ~0.212 62/ ¢, °

The maximum stress intensity is:

- o Ry =112(\/)‘(&/ - - {2.50)



'_.The gquantity Q :éz -0,212 62/( 2 is called the flaw shape para-
mefer. Values for Q are presented graphlcally in flgure 2.11 for

various values of the ratio 576}5’ .

Finally, a correction is often necessary to" account for
the proximity of the free surface in front of the crack. For this
front free-surface correction, use can be made of the tangent for-
mula of eq(2.12). It is preferablé,-however,.to use the front
free-surface cdrrection due to Kobayashi et_al.l(Bl),'which is"
given in graphical form in flgufe 2.12. The resultlng maximum
stress 1ntens1ty for a surface flaw becomeS° \

;12M (J“‘na/ ' o - (2.51)

KImax =
‘where My is the fromt free-surface correction of figure 2.12.

/

2.0 - _\0:} ; ’ 4 .
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Flgure 2. 12 Kobayashl correctlon (N ) for prox1m1ty of front free-

surface.

 For the case where a semi- elllptlcal flaw extends deep into
the material, the back free—surface correctlon should ‘be decreased -

from 1.12 to unlty. “For the: case of a quarter-elllptlcal crack

hav1ng two free sur;aces, the back free- surface. correctlon should .



.be applied twice. However, it appears that this is a slight over-
- correction. Therefore the back free-surface correction for a cor-

ner crack is usually taken as 1.2. ‘

The previous equationé for surface flaws'weré bbtained'in—
@irectly (24) from the solution for_an:embeddéd elliptical cavity.
Rice (32) and Rice'and Lévy (33) have directly analysed the prob;
lem of a surface crack. Their firdlequations cen be treated to
give numerical daté for - K, which are paﬁticularly useful because
the bending case was also solved. It furns out-that for shallow
flaws (2§/B large) the stress intensity factor approébhes the value
for an edgé crack (2¢c —» o9 ). The same result is obtained from
eq(2.51) since Q = 1 for a/2c = O. Stress 1nten51ty factors for
surface cracks in bending were also calculated by Grandt and
Sinclair (34). The foregoing discussion serves as an illustration
~of the variatgon of the stress infenéity‘féctor'élong the,créck
front of a surface flaw. Information about stréss:intensity fac--

tors of elliptical cracks can be found elsewhere (31-40)..
2.4. The Crack Tip Plastic zone

' 2.4.1. Irwin Plastic Zone Correction

According to the elastic stress field solutions a stress
singulérity exists at the'tié of an elastic crack. ;In’practice,.
materialsi(especiallyLmeta1S)'tend“to eihibitza‘yield stress, above
~which they deform pidsticallyo This means that there is always a
‘regién around the tip of a crack in a metal, where plastic deforma-
' tioﬁ occﬁrs, and hence a stress singularity cannot exist.:'The”;~
plgstlc region is known as the crack tlp plastic zone.’ A'IOugh‘

estimate of the size of the plastlc zone, whether in plane straln
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or plane stress, is simple to make. To start with, the considera-

- tions in this section are limited to plane stress.

[

LN SLAR

|

—.;’ ~
1
.

-

:

\

Figure 2.13. First estimate of plastic zone size.

Bigure 2.13 shows the magnitude of the stress '6&' in the
plane & = O. lUntii a distance r; from the crack tip the stress
is higher than the yield stress (. To a Tirst approximstion
this distance r; is the size of plastic zbne._ By substituting
gfys in the equation for 6& the disfance\r; can be calculated:

5 _ .
Kr . (fa
2 oM, @
. ys

K |
= = (] (2.52)
S wer e : _
VIt:is quite clear that the actual plastic zone size must be larger
than ) : the load represented by the shaded erea in figure 2.13
must stilllbe carried through;” This can be achieVed.ifnthe méte—
rial immediatélyiahead:of'the blastic zone carries some more stress
wﬁich will bring this material .above the yield stress.

,Irﬁin (42) has argued that the occurence of plasticity makes
.the'crack’behaﬁevas,if'it were longer than its physicai‘size. As
'a'résultlof crack tip plactibity the displacements are larger and
'7thé sfiffness is lower than in the elastic caée. in-ofher words,

‘ o esdst alEtoUANES
S0 DTS mmm&m



the plate behaves as if it contained s cfack of .~somewhat larger
size., The effective crack size, aeff; is equal to a + & , the
physical crack size plus a correction'$ . An expression for can

easily.be derived.

In figure 2.14 the physical crack of size a is‘replaced-by
a longer crack_of size a +8, and fhe elastic stress distribution
{ Jy) at the tip of the effective crack is givén. The stress at
the tip of the effective crack"isbagain.limited to the yield stféss
6}5. Similarly, the stress aéjing'on the part $ in ftont'of the
physicallcrack is equal to the yield stress. Consequently,5 must
be large enough to carry the load that is lost by cutting the area

(flgure 2. 14) from the elastic

Figure 2.14. Second;eStimate~of plastic zone size. oo oo

stress distribution. Hence, area A is equal to ares B. - The dis- .

tance X,ln figure 2.14 follows from: : o oL
K :(‘/—E—-rg' : or A = 62 (a 45 ) p o (2';53)
NETIRN | 2N S 2 Gys ,

Since & is small with respect to the crack size it can be neglec-

ted, and it foliows that A= r;i as inreq(2;52). The area-B is
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_equel to g _. hence, the requlrement B = A yields:

yS

ys
8. 0ys = [J 2= dr] | | (2.54)

Neglecting o as cdmpared to a and using eq(2.53) i% follows that

P - P

(% + r ) ¢~ JJZar or (&4 3 )2 Q;a - 4 r** (2.55)
vs

Hence, it turns 'oui;' that:

% ' . * ' :
& = r, end v =2A+d = 2rp._ | (2-56)

The size of‘ the plastic zone rp is found to be twice as Iarge 'as

the first estimate, r;.
Since § = T7 it follows that the crack behaves as if its

length were a + r¥. The quantity - r; is known as Irwin's f)lastic

o]

zone correction. Assuming for the time being that the plastic
'zoné has a circular shape, the situation can be represented &s in

figure 2.15, where the effective crack

‘Pigure 2.15. Irwin's plastic zone correction.

extends to the centre of the plastic zone. If the plastic zone

" correction is applied consistently a correction to K is also -

-
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necessary:

v : 5
K=CGVN (a + r;) = 0676;(a'+ —E;—Q—) (2.57)
' ‘ HQ;SZ :
The use of eq(2.§7).presents difficulties because K has to.be de-
termined by folioﬁihg an‘iteration;procedure._ The latter can be
avoided if one tekes X = C fyna for calculating r;'and then
determines the corrected X from eq{(2.57). ' Conversely, for a given
K one can find the uncorrected stress from ¢ = K/\fFTEE which
allqws-determination of r;. THe corrected stress then follows from
<f=.§[VJT(a + f;). In practice the plastlc zone correction is sel—

dom applied to K. The plastlc zone correctlon of eq(2 52) 1s not

suitable in plane strain (see sect.2.4.3.).

2.4.2. The Dugdale Approach. . . a

A dlfferent approach to finding the extend of the plastlc
zone was followed by Dugdale (43,44) and (in a slightly differeqt
way) by Barenblaft (45). The procedure yields similar iesuits-és
an analysis by means of a continuous distribution of dislocétions
(46,47). |
’ Dugdele also considers an effective crack which is longer:
‘than the physicel crack as in figure 2.16 a. The crack edges,(7
1n front of the phy51ca1 crack ‘carry. the yield stress 57 g+ ‘tending
to close the crack. (The part P is not really crackeds the mate-
rial can still bear the yield, stress). The.size of ¢ is chosen
.such that the stress 81ngu1ar1ty diseppears: K should be zero..

Thls,means that thg'stress intensity KG

S -



Figure 2.16. Dugdalevapproach; a. Dugdale ¢rack, b. Wedge forces.

due to the uniform stress ¢ hés to be compensated by the stress

intensity K, due to the wedge forces 5;s:

(2.58)

The requirement (2.58) permits determination of @ in the following
manmer., The stress intensity due to»ﬁedge forces p in %igure

2.16 b is given as:

D | D = S
= . a4x and. Kg = N S : (2-59)
Vie Va +x e v adx -

If the wedge forces are distributed from S to the crack tip (as

in the Dugdale case) the stress 1ntens1ty becomes: .

R A T £ F- N

The integration can be carried out by substitufing x=aCos ¢. ' The

K = 2p Jig?.arccoé f% . l' o | (2.61)

- result is:
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Applying this result to the Dugdale crack in figure 2.16 a‘, the
integral hes to be taken from s =-=a to a + @ . Hence a has %o

be substituted for rs and &8 4-€ foria in eq(2.61), while P=<ﬁ}s

Thus _
4; arccos —= . o (2.62)
a-*e :

According to eq(2.58) this_stress intensity should be equal to
Kg » where the latter is K, =¢/n(atg). Then it follows that

e can be determined from eq(2.58) as

S

coate 26;,S , :

Neglectlng the hlgher order terms in the Serles developement of the

cosine, () is found as:
' 2 o, _ .
W8 gl | ' (2,60
9-8(2—8(2 ' : . .’4_
Yys "~ Yys ‘

This result can oe compared with T, = Zf; :'Kz/n;6582 as derlved in
the previous section. Apparently, the two expressions are almost -
identioal;:‘For high values of Cf/g§s' eq(2;63) has to be used
instead of (2.64), end the differences with the Irwin plastic zone

size become larger.

Duffy et al. (49) used eq(2;63) as a basis for a plastic”m

' ZOné'correction.> By taklng = r*' it follows thet a + rp =

asec T € /2 (ys and’ 'KI- = G Jn asecf{/2( _Several other plastic
zonevcorrections have been proposed. -Correcting for plastioity is
not necessary in the event that 11near elastlc fracture meohanlcs

apply, i.,e. when the plastlc zone is small compared to the crack -

C o
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size. 1f the plastic zone is larger with respect to the crack,
the application of a plastic zone corfection is doubtful, because
of the walidity of the expre831ons for K , which are based on

‘elastlc solutions.

" 2.4.3. Plastic Constraint Factor.

The plane strain plastic zone is significantiy smaller than
the plane stress plastic zone. This is a result of the fact that
the effective yield stress in plane strain is larger than the un-
iaxial yield stress; The maxiﬁhm sfress in the plane Sfrainkplas—
tic zoné can be as high as three times the uniaxial yield sfreés.'
The ;étio of the mgximum stress %o the yield'stress is called the

plastic comstraint factor (p.c.f.)s -~ — e

{ max

Tys -

P.c.T = : / (2.65)

The quantity (p.c.f.) times G;S'can be considered as an effective .

yield stress.’

The p.c.f. for the plane strain crack problem.can be estima-
ted as follows. By taking (2:11(1 and (3 = m (1 the Yon Mises -

,yieid criterion can be rewritten es:
[a-m? + @m? ¢ @mAG 2 (ysz o (2.66)

~ which ‘can be rearranged to:-

p.c.f. = 1 (1—n-m+n2+m -mn)~ /2 S . (2.67)
Eq (2.67) enables. calculation of the ﬁ c. f. at any location of the

Acrack tip reglon. From the stress fleld equatlons it follows that

n = (1 - 8in e/2)/(1 4 Sin 8/2) and m = 2Y /(1 4 Sin 6/2)s
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For the plene & = o it furns out that n=landm=2Y, by
teking ¥ = 1/13 the plastic constréint factor is according to
(2.67): pfc.f. = 3. Similar results‘'are obtained by application

of other yield criteria. In the case of plane stréss n = ll and

m = 0, which gives the estimate: p.c.f. = 1.

-Apparently the normal»stress 6&_on.the e = 0 plane in plane
strain can be as high as three times the yield stress. During plas
tic deformation the crack tip'blunts; Since a stress perpendicu-
‘lar to a free surfate camnot exist, it follows that 4 must
tend to 2ero'at the very crack tib. In that case 6% = 0, i.€.
there is & staete of plane stress. Consequently p.ch. must drop'

 to 1 and stress at the crack tip does

T { . ( i - :
J T . : 4 * N . / '
\ |
\ 1 R
\ \
\ ‘ 3Gust \ .
\\ . b .
@s Gsf )
\
i,‘————r—"—v: ,ii:! |

Flgure 2.17. Approx1mate stress dlstrlbutlon in plane. stress and

plane straln. a.Plene stress; b Plane straln.

antbexceedrthe yield stresé. The resulting stress distribution
aré éhown‘in figure 2.17. In the plane strain case the stress
Tises quickly from 6&5 at thevvery crack tip to 3 4rys 't &
éhbrt disténée from'thé crack. This is cohfirmed by finite elemed
'calculatlonS(BO) Stress and strain dlstrlbutlons in the plastic

*

zone measured as well as calculated, can be found in the llteratur



33

(51-57), but =a generalvelastic—plastic analysis of the crack prob- -

lem is not yet available.

Figure 2.17 again shows that the plastic zone in the y = o
,plane in the case of plane stress is nine times 1afger than for
plene strain. Knowledge of the plastic constraint faétor enables
derivation of a plastic zone corredtion factor for plane strain
in a similar way as in the above equation. If the effective yield

stress in plane strain is fBJ;S,

the plastic zone correction of

~eq(2.52,).,.becomes: P |

) '2 ) |

_ = -1 7 (2.68)
P~ 211(3(ys\)_:2 1811@52 -

2
K » bt
¥ I

K

In a éractiéal case, plahe_étréin d§es ﬁ;t eiist at the'speéimen :
surface. As a consequeﬁce,the aﬁefage plastic constréint/factdr -
is much lower .then 3. Irwin (42) uses a p.c.f. of V2 V2 - 1.68,
which modifies eq(2.68) into: | ' ‘

2 : 2
5 1 K -
PTon(.e8g)" 6T G2 (2.69)

This plastic zone correction is only one third of the plane'stress
" correction. Experimentally determined p.c.f.'s (e.g. 58) are mostly

between 1.5 and 2, which confirms the usefulness of eq(2.69)."



IIT.” RETARDATION_MODELS

A fatigue cycle preceaed by a load of higher magnitude pro-
ducee less crack prOpagatlon than it does in the. qbsence of the
higher preload. “This retardatlon phenomenon is ‘usually attributed
to a combination of compressive residual stressesAand‘crack;clesure,
due to residusl stresses (59). | | o

Therverload has introduced a large plastic zone as is shown
in figure 3.1. The material in this zone is streched to a permanent -
deformation, bﬁt after unleading it still has to fit in the surro-
unding elastic material. The elastic material resumes its original
eize, buf-the material in the plastic zone does not. The plasticr
zone is too 1erge for its elastic surroundings if the‘la%fer7ceh¥ 

tract upon load release. Then the

1
4

Flgure 3. 1 Re81dua1 compre551ve stresses at crack. tip as a result

-of overload
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elastic materiél hés to make it fit. Consequently; the surroﬁnd—
ing'elasticimaterial will exert compreséive strésses on the plas-
tically deformed material at the crack tip. The resulting residual
stress system is depicted diagrammatically in'figure 3.1. As soon
as the crack has_gréwn through the area of residual stresses, the
original crack propagation curve will be resumed again. The resi-
dual compressive stresses tend fo close the crack tip’over some
disténce (60). " Subsequent cycliné can cause crack growth only if
the residual stresses are overcome 1o a degree that the crack.tip‘
is opened again. This explains %ﬁe low growth rate after the over-

load.

At least five models haﬁe been proposed (61-65) to treat
retardation in a quantitative fashion. None-pffthe models‘has a
- 801id physical basis, and mdét are semiempirical, and conta;ﬁ’one
or. more constants fo be derived'fromIVariable-amplitudé crack

growth experiments.

3.1. The VWheeler Nodel

Wheeler (61) introduces a crack growth reduction factor, Cp

,da'." : : o

——— =C_ f(AK) . \ (3.1)
aw P

where f(A K) is the usual crack grbwth function. The retardation

factcr,'cp,'is‘givén as (see figure 3.2):

r . - . ' o .
c, = P ——)® | L (3.2)
ao+rpof ai . L .
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joxi
ai

~where r_.= current plastic zone in the ith cycle under consideratio:

current crack size

- Tpo= Size of the plastic zone generated by a previous overloa

20 crack size at which that overload occured’

m = empirical constant (retardation exponent)

P}alshc enclave - ‘ quch enclave

J due. o aacther |
due +a c\lcrtOd hi%h ‘Odd !

e —
—

e (o - new Go new Tpo
A e *

Figure 3.2. The médel}of Wheeler (bE)
a. Situation after overload, b. Situation after second

overload.

The size of the plastic zone is:

2 . P 2 "
K&ax,i (AX),i . _ Kmaxzo ’ :
Ipiz 2 Py 2 2 9 rpo— 2 - (3' 3)

ﬁhére Kmax is fﬁe maximﬁﬁ stréss‘intensify in a givéﬁ éyCié;.éz::éIT
for plane stresé,.and o = 6Tf'fdr plane strain acCording to:Irﬁin's
,plastic zone approéch. 4 |

There is retardation as long as the current plastic zone =
’ siZe;is;contained within & previoﬁsly genefated-pléétic-zgne; If
ai +r jﬁz(@ﬁ 3 rpoythe crack_has grown through the overload-plas?,
tiq zone, and the retardation factor bgcomes.Cp = 1 by definition..

Thejpower m in eq(3.2) has to 5e determined empirically. —~VWheeler
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finds m = 1.43 for Démc steel and m = 3.4 for Ti-6A1—4.V.

For the case of a‘single overload in a constant amplitude
test the retardation factor gradually‘decreases to unity while the
crack progresses through the plastic enclave. If é second high
1oad occurs, producing a plastic zone extending beyond‘the border
of the existing plastic enclave, the boundary of this new plastic
zone will have to be used in the equatioﬁs (figure 3.2.b), and the

instentaneous crack length will then become the new ag.

The retarded crack-growti rate can be determined from the

baseline (constant amplitude) crack grthh rate as,.
(da/dN) reterded = Cp(da/dN) linear _ (3.4)

vhere (da/dN) linear follows from constant émplitude data.

. Predictions made by Wheeler by using his.cycle—by—c§cle in-
tegrétidn methéd ledvto fairly good prediﬁtions ofAblpckrprogramme
.créck propagation tests. But the model does not account for comp-
ressive loading. Since the fracture surfacesvare pressed together
by compressive stresses, stress intensity has né.physical meéning
under compressive loading and therefore if the stress ihfeﬁsity.f
‘factor is less than iero it is set at zero. On the other hand,al- -
though compressive pesgk hqad_causeé‘acceleration of crack growth

rate, the Wheeler>mode1 does not account for this.
3.2. The Willenborg Model

The method was proposed by Willenborg, Engle and Wood (62).
They also make use of the plastic enclave formed at the overload

(figure'B;é). -The plastic enclave extepds.to
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) _ 1 K°
p= %o * Tpo T & T — 7 (3.5)
¥s

where_a isvthe diStance from the ceﬁtre'of the crack to the boun-
dary of the plastic enclave aﬁd the other symbols hévé‘the>sdme
meaning as in eqs(3.2) and (3.3). Willenborg et al. consider the
stress inteﬁsity that would be required to produce a. plastic zone

(et the tip of the current erack ai) thaf would extend to the border

of the plastic enclave (figure 3.3).

1K

--Kmugéﬁ e

Kmx eff ‘u-'i
. e“’ fi Cvin.e] Ii

Plastic  enclave
due to overff—‘dd

Figure 3.3. The model of Willenborg, Engle and Wood (62)

This means that it has to be determined -what magnitudé of KmaX is’

- required to give: -

&3 ¥ Tp.req. %o * Tho - | (3.6)
‘where rp req 1s the plastlc zone requlred to reach the boundary of
the ex1st1ng plastlc enclave. The Kmax req to achleve thls, 1s
given by: v - o
2 .
1 X . o . o
max.red _ 5 4 r - a,. - . o (3.7)

) o po i
Oys .

In the first cycle subseQuent to the overload; 85 is still equal to

=
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a,. Hence Kmax regq would be equael to the stress intensity of the

ovérload, as should be expectéd.
Willenborg et al. make the rather odd assumption that Koox.d
actually'occuring at the current crack length a;, will be effec-

'tivgly reduced by an amount Kred’ given by:

Krea = Kmax.req —Kmax;i, _ ’ A(3.8)
The'residual compressive stresses introduced by an overload reduce
the effective stress at the crack tip. This implies that'the effec~
tive stress is the difference between the active stress and the re-
sidual stress. Eq(3.8) means that Willemborg et al. expect that

the magnitude of the residual stress is given by

. K . . . -
( - jnax-req - fmex.i _' ;7 (3.9)
AT a8y Jﬂ 8y

This means that both Kmax i and K in cycle i are reduced by

min.i
an amount Kred* Hence, the effective stress intensity is given by:

Kax.eff . i Kmax.if Krea = 2 Kpax,i ~ Kmax.req

Koin.eff.i= Emin.i~ Brea = Kmin.i * Kpax i~ Kmax.req. (3:10)

If either K min.eff or»both Kmax.éff' end Kmin.eff would be smal- .

ler than zero they are set at zero. If the latter eccurs, Z\ﬁeff i
will be smaller than AK.: if “not, AKeff.i = AKX, as can be
seen from'figure 3.3. The cycle ratio Reff ‘becomes - ‘

Kmln 1-Kred =7Km1n i Kmax i~ Kmax Treq N -(3}11)

Sy ‘Reff“ ,
- - L i - K 2Kmax-1-Kma L
. ‘-aX.l red * X.req
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Both ‘sKeff and Reff can be calculated“and then da/dN can be cal-

culated from the Forman equation based on effective values:
s . . (3.12)
AKeff

CAK
d&/dN - €

(1-Reff)K6—

Willenborg et -al. also show integration results of block-programme
crack propagation in good agreement test data. An objectibn aga-
inst their model is that the assumption regarding the residual comp-—

ressive stresses is doubiful.
3.3. The Crack Closure Model

_ Let us consider a‘growing fatigue crack (figuré~3'4) Durlng
1ts growth the plastlc zone is mov1ng w1th the tlp of the crack

It is also 1ncrea51ng in size and as a flrst approx1mat10n (tentral

crack). o , . :
r_-¥ K°: a, ' . ' (3.13)

That means that the plastic zone size is proportional to the crack

length a. The sdme will be true for

ceversed plostic
(_Je[,ormcx/’cﬂ

!
monotonic plastic _ N »
deformation - _
: !

Figure 3.4. Plastic deformation in front of end in the wake of crack

'the reversed plastic zone. Since the monotonic plastic zone is

con31derably larger than the reversed plastlc zone, the consequence
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- of the growing fatigue crack is that monotonié piastic deforﬁafion
has been left in the wake of the créck; This deformation involves
elbngation ~in the loading direction. As a result of this elonga-
‘tion the crack will close (at.least partly) during unloading, and
after.full unloading (P=0) compfessive residual\streéses will be
present in the wakefof the crack. It méans thaf residual compres-
sive stresses are transmi%ted through the crack, because the frac-
ture surfaces are pressed together by the plastic defofmation left

in the wake of the crack.

”~

The phenomenon that the upper and lower fracture surfaces
of amfatigue crack come together beforé complete unloading (i.e. at
P> 0, tensile 1oad).implies that the crack is no longer fully open.
This phenomenon in-the 1iterature ig referred to as "crack closureﬁr
/

It was first observed by Elber (21) and it is sometimes feferred

to as.the Elber mechanism.

The most well known method to indicate crack closure is by
COD (crack opening displacement) measurements. For crack opening
Between two poinits A and B, close to the edges of the crack and in

the center of the panel, the relation for an infinite,sheet is:

COD = 44/ E - | (3.14)

Tt means that COD is linearly proportionsl to ¢ (Hooke's law) and
to the crack length a. For a finite sheet a geometry corréotion fac-

tor has to be added.. Measurements on panels with fine saw cuts

(Figure' 3.5)



QN

‘4 : mall |
t1t 18 :‘wws

- P’ ldr%u’( _- -
\xf . -
| U N B A . cop

PO

Figure 3.5. Crack closure measurement.

. have confirmed,thellinear relationship with excellent agreement .
between measured'Slopes (& / coD) and thebretical velues. If &
similer test is carrled out on & panel w1th a fatigue crack the
JZCOD record shows a non-linear part. Above point A the record -
is linear and the slope is in egreement with the crack length,
which implies that the cfack is fully open. Below point A the slo-
pe (tangent'to 65- CcOD record) is larger, which implies‘that the
panel behaves as &a panel with & shorter crack. This indicates that
the crack is partly closed The stress corresfondlng to p01nt A
is called the crack closure stress ((c) or the crack opening st- -
ress (6’ Y. A full loop of a COD record (figure 3.6) usually
.shows & sllght hystere51s, but there is no- doubt about. the occurence
of full erack openlng at A ~ the onset of crack closure at A. 4
The ex1stence of & non-linear part followed by a linear part is..

'ea511y observed but the problem is to determlne accurately the .

p01nt "~ A where the tran51t10n oécurs. Neesurements suggest that
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A i N : o : :
A" .and A coincide, however, experience shows that the unloading

¢

cob

Figure 3.6. A full loop of COD.

branch (A{) gives a 8lightly betfer reproduction and = more unam-
biguous determination of the closure stress. Nevertheless it cannot -

be denied that it is difficult to achieve a high accuracy.

In order to‘increasé fhe.accﬁracy; PariS-suggested & compen-
sation ﬁethod; illustrated by figure 3.7. Instead of record;ng'the '
COD signal it is compensatea by a signal that would have beén ob-
tained under full linear ﬁehavior (i.e. no.crack closure). This
leads to a vertical 1ine as long as the crack is fully open. The
compensated COD signal now allows a much largér_gpplication which
will bring out the transition'point A more ciearly; If the ampli-

fication is selected too high, the linear part (vertical 1ine) may
become erratic. | | |

Anather possibility to improve‘the sensitivity of the crack
‘closure measurement»is_to locate the COD meter more closely to fhe '
crack tif. The éffect‘on the ¢ - COD récqrd is shown_in figure

3.8.
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Figure 3.7. COD measurement; a. Normal record, b. compensated record.

The non-linear part (A - A') of the record is small and the
transition is more easily observed. This methqd can be used for =
particular crack length, but if the crack isvgrowing the COD-fmeter‘
has to be moved also. If the COD-meter is too close to the crack

tipyplasticity effects may obscure ‘the measurements. 7

-

S S cOD

'odr'}’_g'cfcst betwen B and tp

crack closed between 8 aad 4ip

con

Figufé 3.8. The COD-meter is too close to the crack'tip;

In 1970 W. Blazewicz‘carried out fatigue tests in Delfs H
made- ball 1mpress1ons on 2024—T3 sheet Spec1mens before the crack .
growth test was started (figure 3.9) (66) As & vesult there is of

zode between the impressions with residual compress1ve stresses.

-
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Figure 3.9. The Blazewicz's tests.

This éaused a delay-in the crack growth, but -(sﬁrpriéingly enéugh
at that time) the delay was small during the growtil through the
:zone between the impressions, vhereas it was significant at a |
later stage. The explanation is that the deformations of the ‘ball

impressions were the cause of crack closure after the crack had-
grown through the affected zone.

Elber (21) suggested the following relation between crack
closure and crack growth. Durlng a stress cycle a fat:.gue crack

v'lll be partly or fully closed as long &s c< 0"/ (figure 3 10).

He then suggested that the stréss variation will contribute to .

crack extension only if
¢ < 6a
Vvthh leads to the deflnltlon of an effectlve stress range:

A Ceff -ﬁnax —(f o 'V (3.15)
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Figure 3.10. The crack closure model.

and an effective stress'intensity faétor:

ARgpp=CA (eff J ' .. (3.16)
The cra'ck.-rate was supposed to be dependent on AKeﬁ» only.

da/aN = £.(AK (3.17)

eff.)'
This':belation includes the effect of the stress ratio R because '
crack closure (and thus AK, pp ) will depend on R. For 2024-T3
material Elb-er found that (cf) was approximately constant .during a
fa‘tlgue test, implying. that G'I was 1ndependent of ’the crack 1ength

a'. " This is an emplr;Lcal result. He defined the ratwo-

AR .o SOV - .
Berr. (_A(éff.) o Gas)

U = ——
= ax AC

and the test results indicated the relation:

Uz0.5+40.4R T ~ (3.19)
This is 'again an -empirical result. Combining .fhe above equetions

" legds to
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log AK s+ = log AK + log (0.5 + 0.4 R) ‘ : '(3.'20)

Figure 3.11 includes a schematic of a simple spectrum in

which the opening stress is seen to véry. The success

. (ma(
s

4

o e e e e

N

Flgure 3.11. The varlatlon of opening stress durlng varlable amp-—

lltude cycling as described by Elber (21)

in using a closure model for the predictioh of délay follqwihg an
" overload depends upon thé.assumptions madelregarding the stabili-
zation of .closure 1oad folloWing the overload and the number of
cycles of load reqﬁired to accomplish "equilibxrium" (67). For,r
example, following one or & few overloads (figure 3.12) closure
1oad of the subsequent sefies of cycles would be effected by the
.presence of the overload. ~If the overload would cause the 0pening
lééd of the subsequenf cycles to be increased, under these assump-
tions, crack grow%h could be cbmpletely arrested'for'some condifi
tions. .Assuming_grbwth of a retarded nature did occur foilowing‘
the éverload, some assﬁmptions Would have to be made as to. the
length of crack or zone over which the retardatlon would apply.

As a first approx1mat10n, the yleld zone produced by the overload L

might be tried.
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6/‘
boo—_dmax(1)

épm

Region of equilibrium J

- Figure 3.12. Schematic of closure load variation folldwing»fhe app-

lication of a single overload.

Shih and Wei (68) havé~reported evidence to refute closure

as the only phenomé€non responsible'for'refardation.‘

In summéry, closure appeafs to be a‘real phenomena, Qﬁich
can be rather réadi}Yobsérved, méééured and quaﬁtified. it'appa—
rently is not the only phenomena which causes delay. Résults‘from
past studies have differéd because of specimen type, thickness, .

precracking procedure, notdh geometry and instrumentation.

3.4. The Root Mean Square (RMS) Approach

Barsom (69) aftempted to determine the magnitude_of constant
—amplitude cyclic—load fluctuétion that results in the,éame a .-
Véréué ;N.curVe obféingaruﬁaer variable—amplitude cYblic—load fluc-
tuatlon when both spectra are applled to identical specimens (inc-
1ud1ng initial crack 1ength) In other words, one of the obaectl— o
ves of his 1nvest1gat10n was to find a s1ngle stress—lnten31ty
'pafameter, such a&s mean, modal, or root mean square, that can be.

- used to define the crack- growth rate under both constant-and vari-
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able-amplitude loadings. The selected parameter must characterize

the probability-density curve.

A good correlation between datd obtained under constant 7
amplitude and variable-amplitudé random-sequence load spectra was
obtained on the basis of the root mean square of the load distri-
butidn, where the root mean square is the squaré root of the mean
of the squares of the individual load cycles in a spéétrum. The
combined crack-growth-rate data are presented:in_figure 3.13 as &

function of AKX

_— The data show that, within the limits of the

~experimental work, the average fatigue-crack-growth rates per cycle,
da /4N, under variable-amplitude random-sequence stress spectra can
be représented by .
cn ’ . » )
da/dN = C(A K, ) B §3.21),

/

where C and n are constanis and

(3.22)

The root—méan-square value of the siress-intensity factor under

coqétantramplitude cyclic—ioad fluctuation is equal to the stress-
iﬁ%ensity-factor’fluctuation. Consequently, the average fatigue- =~ =
crack—growﬁh rate can be predicted from consﬁant-amplitude data by

using eq(3.21).
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Figure 3.13. Crack-g;oﬁth rate as a function of the rsotiﬁean

‘-square stress-intensity factor.

The root-mean-square stress-intensity factor, "A"Kl_ms is -
. . b
characteristic of the load-distribution curve and is independent

of the cyclic-load fluctuations (70).

Smith (71) and Swanson (72) have also obtained good corre—
1at10ns with similar spectrum chaeracterizetions for random loadings.
In these studles_of random—loadlng_crack growth, stress spectra
-~ were all represente@‘by a continuous, unimeda}-disfribution;iin
particﬁlar; by a Rayleigh distribution function. (see aﬁpendix—c).
The use of an'ﬁms‘tjpe of,chaﬁacterization to'predictAfafigue~crack
gfoﬁth should probabily be réstricted ts 1oaafpistories which can

‘be,desdribed by sﬁch distributions and in Which sequence effects . -

arefnot expected to be significant.
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IV. FACTORS AFFECTING CRACK PROPAGATIONS

When predictions of crack propagation have to be made, data should
be available relavent to the conditions prevailing in service., Such data
msy be hard to find. Fatigue crack pr0pagation.is_affected by,an{endless :
number of parameters and the circumstances during the test wiil/seldom be
~the same as in service, Theiinfluence‘ofathe environmeﬁt is'ths/most cons—:
picuous, Tests ars.usually not performed under controlled snvironmentélA.

conditions and part of the scatter in fatigue data may be attributed to

this fact.

4.1, Effect of specimen thickness :

“Apart from the éffects due to the transition'from a- 96’ to a 45
plane, thickness has little effect on the rate of crack growth, provided
that the crack front is sen51bly straight through the thickness. Some
tests (73) showed that at short crack lengths, the crack growth rates.
tended to increase w1th sheet thlckness, but were not affected at longer

crack lengths.

The crack growth rate may increase as the maximum stress 1ntensity

factos.;n‘the,fatlgue cycle, Kmaxﬁ gpproaches, Kca:,.the,fracture tsugh-__

ness of the material. K, in general decreaSés“as5the~thickhess increa-
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 ses, reaching a minimum K, under plane strain conditions. This change
~in K, with thickness can cause a corresponding thickness effect at high

crack growth rates as illustrated in Fig.h.l

\
\

Thickness=h ‘%m i

Thickness=i2F mm ) ‘

[} T i
£ :
£ .
» |
v !
4 . |
310 1074 207" . w07? 2.i63 dafdN(mmlegele) |
. .

Figure 4.1. Effect of thickness on crack growth in RR58 aluminum alloy.

4.2 The effect of sPecimen,orieniation"

( For the specimen orientation notation,»see'appendix‘E.,);Figure '
L.2 shows the ratg of propagation to ‘be somewhat higher for trénsverse
( T-L ) than for lomgitudinal.. ( L-T ) specimens from 7075-T73510 ex-

trusions 3 this was generally true for both plate and extrusions of all

‘alloys and tempefs. For the hand forgings, the rates were highest for

specimens oriented in the short-transverse .

—

constant load ,R=1/3
s (iL-T), extruded

to

<.
= ¢ (L-T), machined
K o {T-1), ex+ruded
!- .
‘4— {.0 PR | N : it NUNNREYS T
- 10 - oo _, -dd/dn, Pin/eydle

Flgure Ao 2. Effect of specimen d;rectlon on- fatlgue—crack propagatlon S
rate for 7075-T73510 extruded panel ( 73 ), T
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_?directipn. These directional relationships were generally consistent
i . .
with relative ratings with regard to fracture toughness (73). Data in
figure 4.2 also illustrate the results of comparisons of specimens

with machined and as-fabricated surfaces | no significant differences

in rate of crack propagation were detected.

Figure L.3 shows that fatigue crack in long.- transyerse speci—
mens propagate substantially slower through the thickness (T-S) than
in the longitudinal direction of the forging (TQL); Rates of propaga-

tion through the thickness were also shown to be lower for 1ohgitudi-'

-~
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Figure 4.,3. Effect of orientation on rate of crack propagation of a
7079-T652 hand forging. ' '

7079-T652 and long-transverse (I-S) 7075-17352 specimens from the for—
gings than for'the'compafable flatwise directions ( L-T and T-L, res —
pectively ). In the shérf transverse direction (data not shown), the
fate of propagation was found to be slightly lower for S-T specimens.
‘than for 'S-L sPecimens’for both alloys. K1§ values were'notﬁdetérmi-
| néd for.thé‘,L-S , T-S or S-T orientations s0 ~ch crack growth ra-
te co;ﬁarisbné cannot be made. Davis et a1. (74)”did.report lower va-

lues  of . ch for propagation in the 1-S and T-5 orientations than
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" din the L-T and T-L orientations for both 7075-T6 andﬁ70793T6£hand

' zorglngs so.for these orientations,the consistency-in ratings' may oot
~exist.

4.3. The effect of stress ratio and Kmex

The effect of stress (or cycle) ratio, R, and the maximum stress

?ntensity, Kmax , was studied in chapter Ii. (pp.3-9).

h.4h. Effect of temperature.

Temperature has considerable effects on material properties in

general. It has a significant influence on fracture toughness also.How-
ever, it is impossible to isolate temperature effects from the eifecte
of the.many? other parameters discussed. As an example consider}the
thickness effect, A plate of reletively»low thickhess may show plane st-
ress behavier with inherent high toughness at room temperature. At low
temperatures the materialﬁhesaaﬂhigherfjieldzstressrwhich;causesr the
plastic zone to be smaller :_then the plate may show transitional or
even plane-strain behavior, with inherent lower toughness. Apart f;om ,
~the intrinsic effects of temperaturevonAtoughness, there is aﬂ indirect

effect, due to the temperature-dependence of yield strength.

The brittle—ﬁuetile transition of structural steels is well known
from -Chafpy'impect tests. A similar transition may be expected when
considering toughness values. In #iew of the experi@ental jroblems of
fracture toughness at temperaturee different from ambient ,vattempts ha-
ve been made (75, 76) to estimate K;c on the basis of the Charpy im -
pact-energy. It seems feasible that a. correlatlon between Charpy ener-
gy and fracture toughness exists, since ‘the former is also equivalent

to a fracture energy through gtc . However, thls reasoning is doubtful
SlnCe'the Charpy energy is the integrated energy for complete fracture
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-of the 89601men. On the other hand Gic is the energy for the flrst in-

finitesimal crack growth

Nevertheless correlations are foyund between toughness and Char-

Yy eﬂergy,_particulary in the area of low toughness. Figure 4.4 ser -

ves as an illustration. In fact

2 y

1000 1 4 Kac (psi inch)

. . E . . z

200 , -t §

- data of 7 .00 5

¢0o + diplerent .. o

' i

alloy steels , Lo ) ;

400 A ‘. . - |
200 } _‘,:;:

. 5 Charpy impact enmergy (ft.lb) ~:-. .. .2 - -

Vs
7

. Figure 4.4, Correlation between toughnésé and charpy impact energy (75).

the charpy test is avdynamic test and it may be more sensible to cor -
relate the impact energy with the dynamic fracture toughness. Although
' Charpy tests may be able to givé an indication of the toughness varia-
tion; this type of test is basicaily not compatible with fracture mec- .
haﬁicS principles. Therefore its applicability as a basis for decisi>-
ons or conclusions concerning ffa?ture behavior in the context of frac-

ture_mechanics'is debatable.

Figure 4.5 shows that a steel indeed shd@s a transition from
low to high toughness with increasing temperéture-’ﬂlley steels and -
.other materlals usually show a gradual increase of toughness with tem-. -

perature, followed by a aecrease at temperatures approachlng the mel-.~

ting poiht
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Figure L4.5. Temperature dependence of toughness of various steels

- (75,77)

4.5, Effect ofrloading frequency

/

Four specimens of ‘2024-T3 aluminum are tested each at a dif-

ferent frequency but with the same load ratio (78). The results show
that the threshold decreaees with increasing frequency(figure 4.6). -
This was an unexpected result since no effect of frequency had been
previously noted below 200 Hz.and it is the reverse of the trend

that is expected from environmentally enhanced fatigue crack growth (79).

— However, if the possibilitybof crack tip heating isrconsidered
one might expect such a shift, At-tﬁe higher frequencies,'heat may be
generated by crack tip plaéticity rapidly enough'fo produce?a‘lecal ri-
se in temperature. An increase in temperature might produce the 1ower
threshold in 2024- T3 alumlnum as it does for A533 steel(?). At lower
frequencies heat conductlon away from the crack tlp would proceed rapid-

1y~ enough.to prevent any appreciable rise in the temperature near the

crack tip.
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- Figure 4,6 Effect of frequency on fatique crack growth rates for
‘ 2024-T3 aluminum (78). ' '

James, L. A(80)investigated the effect of frequency upon the
fathue-crack growth of type 304 stainless steel at'-ldoo F., The .
' results of this study are presented in figure 4.7 as a plot oquHN-ver

sus AK. Several observatlons are immediately apparent 2



0 3 '
~ i
33> | |
~ N :
T c i
RS ] |
£ !
g -5 !
= L o :
% i !
3 i s 400D LPM |
N ! +1 0.083cpm | |
.9 3 v2 o4 cpm ;
S . n3 A& cem |
Z ou & cem |
£ Ae 4oo cpm |
- 4] i
g lo_f @% 4000 cpm

3/2

~_ —» Biress intensity factor range, 8K, 1b/1n
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/

(1) There appears to be a portion of the curve where the fa-

iigue-crack growth rate is independeént of cyclic frequency ;

(2) Within the region where the crack growth rate is frequ- -
ency—dependent, decreasing the cyclic frequency has a profound.effect»-

-

in increasing the rate of crack propagation j

(3) The scatter of data tends to increase somewhat with dec- -

reasing frequency

(4) in the»regfon where the crack gréwth rate is dependent -
upon the freqﬁency, the slopes of the curves representing thé-varioe o

ué'ireqﬁeﬁcy levels appear to be quite similar
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(5) The latter observation suggests that the frequencj de -

pendent behavior could be represented by a power law of the form

da  _ a(e)r axl” «
e L ] | o (4.1)

where A(f)= some function of frequency, and n= constant for a given

material/environment combination,

L.6. Effect of environment :

For the 7079-T652 hand forgings tested in a humidity of about
90 percent, the propagation rate is three times higher in the humid
.envirohment. For alloy 7075-T7352, the difference between the rates
.uqder.the'twe environments is less even at the higher 4K values(73).
' The.gféater sensiti%ity of 7079-T652 to moisﬁure seems consistent
with evaluations #%hich show 7079—T67type producte to be susceétibie
to stress-corrosionﬂcrackihg in nermal atmoepheres, where as 7075~

T73-type products are not (81).

Le7. - Effect of Joading seQuenee

A fatigue cycle preceded by a load of higher. magnltude produ -

ces less crack propagation than it does in the absence of the higher

preload, This retardatlon phenomenon was taken_lnto consideration in

detail, in chapter III,
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V. COMPUTER PROGRAM EVALUATING FATIGUE LIFE

5;1. Introduction

Because of weighﬁiand economy, crack growth retardation gains
'rimportahce'in variable amplitude fatigue. A computer program was de-
veloped to predlct the crack growth proPagatlon in specimens subjec-
ted to randomlzed block loading. The program also takes into account
the fetardation_phenomenon; The Wheeler and Willenborg models were
used for predictions. A cycle-bysycycle integration scheme‘was used.,.
What the program does is to evaluate the number of cycles, flights or °
" certain repeated stress hlstory untlll the critical crack length is
reached. For_the linear crack growth, Parls-Erdogan eq.+, Walker's for-
mula and Forman's equations were set to use, Six different ﬁypes~of
fiaﬁ ﬁere-taken'info cehsideratieﬁ<fﬁCehier-cfackedypanel, siﬂgle-ed-'
ge notched specimen,_double-edge crack, Bend-specimen, compact tension

specimen(CTS) and surface flaw(see table 2.1,p.13).Detailed descrip-

tion will be given in Appendix-D.

5.2 »PrOgram Outline

14

.Thevpfogram consists of fifteen routines and a supervisory ro-
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utine. Each ‘subroutine will be discﬁsséd below. Much of the data -
transmitted internally in the program , AKYUREK-I{s through labeled
COMMON blocks. |

SUPERVISORY ROUTINE - Overall supervisory routine. This seg-

~ment controls the calling, in order, all subroutines.

CADATA - Subroutine for the cénstant amplitude crack growth

data and material properties.

SIMPSN - Constant amplitude crack grewth integration scheme

usiﬁé.simpson's composite integration formula (see Appendix-B)
DATA - Data input,subroutine,

SIF - Evaluates the stress intensity factors for a given st~

ress and érack'length.

SFSIF - Subroutine for the surface flaw stress intensity eva-

luation.

PZS - Evaluates the plastic zone size for a given stress inten-

.sity and material,

ESTF - SuBrdutine which calculates the effective siress inten-

sity factors for the Willenborg model.
GROWTH - Subroutine for. linear crack growth.

| WHEELR - Subroutine for the Wheeler retardation model.

* ' WLLNBG - Subroutine for the Willenborg model., '
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OUTPUT - Prints out the crack growth information.

MAGFAC -~ Magnification factor evaluation for surface flaw

{see Appendix-4),

DATFIT - Curve fitting subroutine using least squares method
(see Apbehdix-A).

BLOCK - Subroutiné for the block by block crack growth integ-

ration scheme,

~

BLOCK DATA - Initializes the labeled common blocks.
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- VI. SAMPLE CAICULATIONS

~

6.1. Introduction

Sample caiculationsvﬁsing the program are done. The results
are compared with the test. results. Obviously; some discrepancy
between the test results and the calculations are observed. Consi-.
dering that the normal.scatter in_fatigueQGrack—growthvratéé may
range from a facétor of two to foﬁr under identieal loading condi-

tions, these results are quite good.
6.2. Sample Calculations.

Broek (82) makes sample calculations with the stress history
listed in TABLE 6.1. He uses the formula 'K :;Gq?ﬁ;.for the stress
infensity factor eveluations. Obviously, this is applicable for
center-cracked penels with infinite sizes, or when the crack 1epgfh.“
is very'smali’compared.to the width of. the SPecimen. He uses Paris

’107(4AK)4: mm/cycle for linear (unretarded)

eq'n da/dN = 3.10
craqk grthh'evaluations. Despite the fact that the crack-growth :
rate corresponds to‘thé crack length 2a for'center-crack penel,

'some modifications are made in order to be able to compare the com-
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puter results with Broek's results.
TABLE 6.1.

Stress History ¢

Number of cyles , S ' ' S_. S

max min ys
in the spectra (kg/mmz) ' (kg/mmE)_ (kg/mm2)
(occurences) a
1 13.5 0
9 S 12 0
90 9 . 0 20
300 . 5.8 0
2000 | 2.8 0

‘The results for the 1inear crack growth are'approximately-
the same, but Broek's linear crack. growth evaluation with fixed

crack size per block is a slight overestimation.

Retarded oreok growth results are vefy different. Broekr

~ assumes that crack 1ength and crack growth rates are constant -
throughout the block cycles, to save computer time and 80, expen-
ditures. But this results in over-estimation of the fatigue life.
Cyole by‘cycle integfafion results are much more accurate than
block by block evaluation.

Why does Broek’overestima%eﬁ the fatigue life? Both the
Wheeler and the Wlllenborg models show maximum retardation at the
cycle whlch comes Just after overload cycle. Retardation decrea-
ses as the crack 1ength increases. Broek does not take in£o~con—'
eidératioﬁ that point. He assumes constant amount of retardation

- as 1ong as the plastic zone of current cycle remains in the over-.
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1§ad's plastic ehclave.v But, Brdek makes that control just at

the first cycle of the loading bloék. Although he considers re-
fardétion, there are some cycles which don't show retardation ac-
cording tovplastic enclavé model. Of course this results in over-

estimation of fatigue life.

For coﬁstant amplitude loading; Simpson's composite integ-
fation écheme,-the Wheeler and the Willenborg models are expectéd
to show same estimations. Control was done with the program
AKYﬁREK—l. The Wheeler and the Willenborg models estimated the
same results. Simpson's integrat{bn scheme with'14'steps éstima—
tes the result with an error 3.8 per cent. Doubling the number

of steps decreases the.discrepancy with the cycle by cycle integ-
ration scheme %o 0.42 per cent errof. Step size is chosen such |

small that.error due to'integration scheme is negligible. P
i ’ /

Porter (83) makes tests wifh-2024—T3 center cracked panel
(CCP)'tesf specimen. Estimation using the Program.AKYﬁREK—l for
the stress spectrum, he designates as P10, results in an overes—
timation with a factor of two. The main reason is the lack of
accurate/coﬁstant amplitﬁde data for the specimen. In fact P10
is a good sample spectra for variable amplitude,randdm seqﬁence
loading. On the other hand,fsince the‘overléaé~rétios are so
small that, changing the Wheeler exponent did not show much vari-.
"ence in the amount of retardation. There is anéther important
point which shduldbbe-¢a£efu11y copsidéréd when ﬁsing the program
. AKYUREK-I;Stress or ioad spectra‘shauld be converted to stress or
- load hiétbry. But smali\errofs in conversion may céuse surprising
results since the spectrum is repéated more than42000,times'for

®

thﬁ case éonsidéred; For program P10 (83), the overestimated



2

-,cyclié life with a factor of tﬁo originates-from uncertain know-
ledge of constant'amplitﬁde data.. This was verified by program
P1 (83). The program ARYUREK-T overestimated the cyclic ‘life
with a factof of fwo.‘ But, program Pl has constant'Kmax stress
spectra. This should result in linear crack growth. It was pro—v
‘ved that the program AKYUREK-I predicted unretarded crack growth
Wifhout efror.‘ That implies uncertain knowledge of constant amp;

litude data.

Fafigue'crack growth test reports usually do not give the

: all.required»datavabout the tesfl such as yield strength, frecture
toughness, specimen orientation, étc. Small varianbe in those
data causes unexpected results. For example, because of the strain
hardening~procéss it isy#ery difficult to obtain the yield strength
of the specimen if it is not‘given._ But, the retardation 9ode1s

operate according to plastic zone size which is strongly dependent

upon yield strength.

On the othér haﬁd, in literature fatigue crack growth dété
are available for certain type of specimen and flaw, such as cracks
voriginating from holes. It is necessary to write stress intensity
factor equation forrthat’special flaw type in order to.beuable to
éétimate cyclic life of the specimen and to compare the‘estimation
with the test results. That can be done. But, it is not practi-

cal only to make such g comparison.
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f.4., Restrictionsand the Deficiencies of the Program

of Course this program is in tHedstage of development, there-
fore it has some deflciencies and does not cover all types of loa -
dings and flaws. In fact these deficiencies originate from the reé-
tardation models. Weakness of the retardatlon models is also weak -

ness of the program,

The Wheeler and the Willenborg models do not account for;bhysi-
cal observations such as : (1) accelerated crack growth under certa-
in load variations , (2) delayed retardation after a hlgh peak load
and (3) a sustained delay after a high peak 1oad even when the crack
7 has alneadyjrnldy penetrated through the plastic zone created by the
high peak load. I o

| Although compre851ve peak load causes accelaration of crack
growth rate, the Wheeler and the Wlllenborg models do not account foi
this. Compressive stress 1nten81t1es are set to zero. Johnson, W, S
(84) modified the Forman's equation to consider the compressive'loa—
ding : | -

n

¢ AK (6.1)

eff m _
(1-R ) KC‘AK - S e e e

where mrl at R),O and
=2 at RLO

The equatlon is exactly that suggested by Forman except for the m-

'exponent applled to the stress ratio, The exponent equals 2.0 for .
- eff A
‘_negative R values, ' S oL

.o
o
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. K . {
Robin, C. and Pelloux, R.M (85) made experiments to observe

the crack growth retardation in an aluminum alloy. Figure 6.4 shows
that. the test result of constant ampiitude loading after a single
overload., Figure 6.2 presents the crack growth rates calculated from

the Wheeler and Willenborg models.

-

. RN

VU
——
V]
=
(V]
\
£
€
z

g lo e Fl i 'l L L 1 1 A 1 i ] A i ' 1 J'.’

D oot 2 o3 .4 5 .6 F 8.5 ¢, Lild13 0§ uSHE

e e om—p /

Distance from overload front, mm,
Figure 6.4. Piets of the crack growth rates against the crack length

. o -a/2 - 1/2
increment for K ___ = 16.5 MP, ¥ / (Kew = 21.45 MP, M /
0, center measurements : +, edge measurements.(83) -

o 1 2.3 4.5 .L.9.8.5 & td i1l ikisicia | Distance from over-

i load front, mm.

B Predicted ddfin,mm/eycle:

The crack growth rates calculated from the Wheeler and

' Figure 6. s
P . . _ - ; il
Willenborg models at K _ =16.5 MP, M™/".
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'(Kol = 21.45 MPy Ml/a) — — —» O, Wgllenborg model center measur—
ments : _ _ ;,_ + Wlllenborg model, edge measurements 3 ___ 4 O ,
Wheeler model, center measurements ; s X , Wheeler model ed-

ge measurements., (85).

Considerlng Flgures 6. 6 and 6.7 tOgether the follow1ng ob-

servations are made.’
(l) The'tw07mbdels do not predict the delayed retardation.

(2) The two models predict the same minimum crack growth

rates for plane stress and for plane strain.

(3) The crack length increments over which retardation is
predicted are smaller than the crack length increments over which
retardation is obcerved. The two models gi#e a better fit to plane

7
/

stress data than to the plain strainvdata.

(4) The two models are quite 51milar and give a fair repre-

sentation of the. crack retardatlon phenomenon.

(5) Crack retardation is observed beyond. the point at which
the plastic zones are tangentlal. The mlcrosc0p1c crack growth da -
ta show that retardation exists until the crack front has reached

- the -elastic-plastic interface of the calculated overload~p1astic

zone,

(6) The two models are conservative, i.e. ,they predict less .

retardation than is observed.

The two models do not show the Short_period of crack accelera-
tion after the 0verload that has been observed after large overload

excursions. And, also they don't account fer the difference in the
ﬁretardatlon between a single peak overload and. multiple  peak overloadl
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"~ VIT. CONCLUSIONS

In this thesis, a cbmputer program evaluating the cyclid
‘1ife of the spe01mens subaected to randomlzed block 1oad1ng has

been prepared ' It uses the Wheeler and the Wlllenborg retarda—v

tion models. . ' e

Either a‘cyélé—By—cyle or block-by-block crack growth

integratibn scheme is used for the fatigue life predictions.

In the program,'center—crack panel, singletand double edge.
cracked spécimens,'ASTM standard compaét tension and bend speci- .
mens, and surface flawed plates are coﬁsidered.' Other type of ..

flaws can be added to the program by meking small changes.

Paris eq.,-Walker!s'formula and Forman's eq. are used for.

" linear crack growth eveluations.

‘- Three types of output'options are available in thé1program.
Print of the crack _growth information can be‘obtained‘at the end
of each 1oad1ng block, spectra or every NP cycles (which is given

as data).
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Simpson's composite integration formula is used for cons-
tant amplitude load fatigue evaluations. This requires least com-
puter time among the predictive models. And, also good results

can be obtained.

In the computer program AKYUREK-I; no modification has been
made to the retardation models.: Therefore, deficiencies of those
models may result in overestimation or under estimation of the

fatigue life.

For & constant stress intensity range, crack growth rate

/K

. aris a
maX) - Paris and

increases with increasing‘cycle ratio (=Kmin
Walker's crack growth equatidnsvdon't consider that phenomenon,
but 6nij Forman'g does. The crucial point of the random'lbadvfa—'_
tigue life estimétiqns is to predict fhe cyclic life from constant
amplitude data. If the constant'amplitude data are thagned at
different cybievratios and the program AKYUREK-I is modified_to v
take into account the different cycle ratios, more precise and. -

better predictions can be made.

The most common fatigue flaw type is the surface flaw.
Tperefore,'thermain'study has been devoted to surfage,flawé. Deta- -
iled information about that flaw type is given for the researchers

desiring to study upon that'sﬁbject.

Block by block crack érbwth infégratibn écheme~overestima— ,
tes. cyclic life of speciméﬁs. Since fhe predictiéns ere sensitive
to the Wheeler shaping (fetardation) ezponent,especially,in block-
Aby—Blbck integration theme, better correlations can be?done.chang—

ing thé_Shaping exponent..
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| A cycle by cycle crack growth integration scheme is favo-
rable but it requires much'computer ﬁime. To save computer timé,
block‘integratidn‘scheme can be chosen. A Range-Kutta integration
routine should be used to determine the incremental crack growth
‘for each series of discrete load ievels. Thus, overestimation
in cyclic life predictions can be a#aided and fhe chputer time
and so, money can be saved. The progfam AKYUREK-I can be modified
to use a Range-Kutta integration routine, but that will require;a

tedious study.

Amdng the retardation models, only the crack closure model
~has ‘some sort of physical basis. It can be put in the program
.AKYUREK—I, as .an alternatlve to the Wheeler and the Willenborg

" retardation models. |
. ,

The Root-Mean-Square (RMS)’refardatiqn-model is the simplest
one and requires 1east computer time. It can‘Be used in the prog-
~ram AKYUREK—I by .using a new subroutlne (e.g., SUBROUTINE RLS)
and modifying the SUBROUTINE SINPSN.
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-' =  APPENDIX-A , ;
THE METHOD OF LEAST SQUARES (MLS)

Iet 94y seeeee , G, Pen direct meaéured values of a magnitu- -
de, and let @ represent the sum of squares of their deviations

from a number q -

. n . B . .
2 . , ,
Q= Z(qi- Q) - | S o (4.1)
1-1 - - | | A :
The value of q making Q Aminimdh, is the best value of the

meaéurement, .since Q 1nvolves squares of devlations which are non-
negatlve. This best value of q of Gy seevees qn is shown to. be

the arithmetic of the measured values :

d - .
R. -2 (q -q) = q -ng = o oo - (4.2)
i i :
dg i-1 = . A
resulting,
_ Q. 4 Qotessetd o ‘ S
v e 1772 = | | o (A.3)

. n
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2 ’ . : . v ’ ’ {
= 2n%0 . Q is minimum for g. This process of finding

o
L

joh
o)

g from eq(A.l) is known as the method of least squares(MLs).

Flndlng the best fitting involves the follow1ng steps :

(1) From the distribution guess the type 6f the function as llnear,'
quadratic, egponentlal,....
(ii) Write the general form of the funétion,

(iii) By'the use of the MLS, determine the unknown parameters.,

The dlstrlbution is as given in figure A 1. For instance, for

- the aspect ratio H a/ZC = 0.05

(i) We observe that the points Pi(xi, yl) lie nearly on the func-
tion of the form y. = AX .

r - E
(41) . Taklng the common logarithm of both sides of .y = AX', we get

the 11near equatlon.

BT . ’ o-Ds

1.6 , ' 010

3
A
£
3
= - 0.20
. ¢ LS5} crock depth/ = J5s
{% crack lena'H-x ratio .
R .
5
3
3 !.~3
.2
\b 12 ¢
B R ¢
- ,
- (-1
a
Qr .
Q '-c | R = sy -~ - P - [} 3. ) . e 2
e o o2 63 oy °0F n 0 c¥ o8 &5
S Lo R . . R Rl
o Crack’ dept/spe01men thlckness ratio
Figure A,1, -

DeeP flaw magnification factor curves ez X
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. - logy = logh+ rloggz in logy and logx. Then setting u= logx,

-n

v = logy, s = 1logh we have 3

{

vy = stru : , o (A.h)

(1ii1) By the MLS, we minimize _
'- ! 2 (4.5)
Q(s,r) = Z(vi—rui—s)
o ,

in wh:ﬁéhl 8,T are the parameters.

LR -~

n .
’P_Q. = - Zzgvi-» rui-s)ui =0
- or i=a

Q= — Zi(vi; ruj-s) = O

‘__5_5' -q=1 . (Ao6) )

which yields &
giui)r.+ns =2V,
2, e N _suv. | | |
(gug)r (Zujls =2uyVy - (A.7)
Solutions to these equations :
)

£V, n ’Zui 2V,

/A, B F " | /D

)
H
L]

4 2
Zuiviﬁ‘li> D1 iuivi



" For the case considered; substitute y = M_, x

i a/B

then M =A (a/B)r : f B | (A.3)

 As can be seen in figure A,1 , there are eight,curves;‘ For
the aspect ratios (a/2c) remaining between the curves, a linear in -

terpolation is used ( see figure A.2 ).

Mk:f%1+(We'Mm){la)- OJE} w9
| 0.05 Vael - |

where M_is the value to be evaluated , corresponding to a/2c .

'Mkif‘and Mkéﬁ are the values corresponding to a/2c = 0.05 and

a/2¢c = 0,10 , respeétively'for the sample'case.v

Magnification factor, Mk, depends upon the angle é.. Since
it is necessary to evaluate the siress intensity factors in the ma-
jor axis and minor aﬁisAdirection ; the magnification factors in:'
these directions are required, Smith (85) showedAthat thg magnifica-
tion factor in the diréction of major axis of the elliptical flaw

- could be taken as 1. But thls is an approx1mat10n (87).

Mc ] af1¢= 005 4 o
o MK |
. ] / l
- M = . / . _ o
T .,7*—am§wﬁaﬂ ‘ : i
Me — / M ‘- o
Mez | 4/‘ ) | Mx2 i . ) 1
: Z . S
Jy
o.t5 — 4/6’- o.cS 610 —0/2C l

© _
? ‘

Figure A.2. Linear 1nterpolat10n for the asPect ratios remainlng
7 between the curves,
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APPENDIX - B

~

SIMPSON'S COMPOSITE INTEGRATION = FORMULA

(a)i -.«3 3th ale;‘ x .(A)
T 6

Figure B. l. Simpson's a. simple 1ntegrat10n scheme b. composite

: integration scheme. _

b=a+2h -
Simole £ la - » : -
imple formula a/- f(x)dx = __3_:[ f(a)+ 4f(a+ h)+f(a+2h)} eesses(B,1)

Composiﬁe formula‘:j'
- a+2m. | | _
fﬂx)dx =._f_[f(a)+4f(g+h)'+2f('é+2ﬁ)+ 4E(a+3h)4 eenennn
g 3 )
- +£(a-+2nh)] ' ‘ < | | (B.2]
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ébﬁsidering the exact matching method (figure B.2)

3 ) ¢

>

-h o h  x
"Figure B.2. Figure for the exact matching.
. n _ | SR |
[G0ax = wy £(-n)+Wy£(0) + Wzz(n) (B.3)
h - - ’

for ~f(x) 21 e

h ' o o ' /o
flgdx_'.-: Woel 4 Woel 4 Wool = Wy Wpt Wy = 20 - . (B.y)
~h

for f(x) = x
.
' {xdx = W
~h

l(

“B)+ W00 4 Wy(h) 5 Wyhe¥sh = 0> Wy =Wy (B.5)

. 2 )
for fx)=x . _

[ XPax =W (-n)® 4 Wy0% 4 Wo(m)? 2 wn® + wgn® o ﬂ;_ (B.6)
= | | .
from eqs (B.4),(B.5) and (B.6)



Substituting these values into eq(B.3) yields

- -
vh/i‘(_x_)dx = b (£(-0) + 41(0) + (1)

or
b= d+2h . )
b P ‘
‘ff(x)dx = _3_ (£(a) - 4f(ath) - £(a+2h))
g . _

for " f(x) = x>
h V E » a 7 . - o - - .
’h{XSdX = W‘ (-h)3 +0 4 W3(h)3 # Wl = w3

Simpson's formula is also exact for cubics,

Truncation error (E):

n’  (2v)
E=z-— 1 (&) - Simple formula
50 \® :
B E=- . (b-a) hhf(lV)(e) - compoéité formula -

90

(B.7)

(B.9)

g1
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APPENDIX - C
PROBABILITY - DENSITY -~D1STR1IBUTLON

Many engineering structures such as bridges, ships, and others -
are subjected tb variable —‘amplitude random - sequence load fluctua-
‘tions. The probability of occurence of thé same'sequencé of stress
fluctuations for a given detail in éuch structures obtained during
a gi&en time intefvalvis very small. Consequently, the magnitude of .
streSs.fluctuations must be characterizéd.to study?the fatiguembehafio
- of components subjected to Qafiable - amplitude raqdom'-isequencé'_
:étress fluctuations. The mégnitﬁde of the stressqfiuctuations_should,
be characterized and described by analytic functions. Zhe use of.

14



probability - density curves to characterize variable - ampliﬁude
cyclic - stress fluctuations appear.tq be very useful (69) ..
| ‘

Stress history, or stress specfrum,-for a particular'location
in a structure éubjected to variable - émplifude stress fluctuation
can be defined in terms of the fregquency of occurence of maximum
(peak) stresses, Usually, freguency - of - occurence data are presen-
tegd as a histogram, or bar graph ( figure C.l ), in which the héight
of the Bar represents-the percéhtége of recorded maximum stresses
‘that fall with in a certain stress inierval representéd,by the -

width of the bar. For example, 20.2 % of the maximum stress in

Idealized vehide _ T
o {dddiné§

oens LoAd

NN TN TE I

22 15 1y ¢ ¢ 2

TIME —»

!
—
2

S

s
€80
Py i
[N

aos

RS | 1

A i 3 i 1 1 =i )
e 2 3 v S & # g 35 (o0
(b)  Sfress cdng€ , ksi’

Figure,C.l. Frequency-of-occurence data

Probability of density, Vs

. 4
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‘figure. C.li(a) fall within the interval between 7.5 and 8.5
ksi. The freQuency of occurence of sfress ranges can be represen-
ted by similar plots with the vertical scale changed according to
the relationship between dhax, GEun, and stress range, Gr
or Al. Since stress range is the most important stress parameter
controlling the fatigue life of structural components, stress ran-
ge is used to defihe the major stress cycleé in the following dis-
cussion.

-~

The frequency;of—bécurence &ata can beréfesented in a'more
general form by dividing the percentage of occurence fbr each in -~
terval, i.e., the height of each bar, in figure C.1.(a) by the in-
terval width to obtain a.probabilify;density curve such asrkshown
~in figure C.1(b) .-Thﬁs, data from sources thaﬁ use diffe;ent.stp—
ress-range intervals can be comparedfby using the probability-den-
sity curve, Tﬂe area under the curve between any two values of AG

represents the percentage of occurence within that interval,

A singie nondimensional mathematical expression can be used
to define the probability-density curves for different sets of data, .
For example, Klippstein‘and Schilling (88 ) showed that the fol-
""1owing nondimensional mathematical expression,which defines a family
of skewed probabiiity—density curves referred to as Rayleigh curves
or dlstrlbutlon functlons, can be used to accurately fit a probablll—
ty-den81ty curve to each avallable set of field data for bridges :

, ,_.Ii.(xl ‘ .
p'=tott x €7 ‘ o | ey
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. Kams=1378 1] ' i
X " X'meon = i-330 4 2
3 (Xmedian= L]y _'E(x-)
3 XMoJaizl. > P': ‘.D{J x. e .
. eoby ;
Ao oS 4 X‘ = (G—ﬂm{n\/ﬂd
~ .
§a o4
§- ~ 0.3 1
TR o2}
T oo
‘ifg o : + , Nona//mefvl'c’m/l ;
| 1 2 3 s#ress range X
. Gem el 20Rd =
:i G"m:‘n > .6;‘; .! rrmer'an-G;ri‘):O.}éﬁé‘rJ
N —— | e——(rmean - Crm i: 0,230 0rd
~§:§ ; Crems -Grm (= 0,338Grd
\’5‘ i t// : : :
= P/é,'rJ_ . .
:§ j Grmax ;o
Q! .
tAll "Stress range

) (t‘l ksl

S "‘»Ffd‘/&n‘)zoA

X P

;} : (Grd/ Gem=0.25

\\:a (fJ/(rm:D.SO

N \"

:; . // \\\‘\(GJ/%‘M =‘. (2]

b} // \ 3 . _
]l L

s#esS” range , ksl

Figure C.2. Characteristics of Rayleigh ‘probability curves - - - R

‘where i':(ﬁ'—(f’mm)/@ﬂ ,(;(_:Aﬂjis the stress range and Grmin (i.es80min) "
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and (rd (i.e.ACd ) are constant parax;leters that define any pai'ticu-,
lar probability-density curvé from the family of curves represented
by eq (Cal)s Eq (C.1) is plotted in figure C.2(a) . As illustrated

in figure C.2(b), a particular curve from the family is defined by
two parameters : (1) :;he modal stress range , (rm , which corresponds
to the peak of the curve ; and (2) the parameter Crd, which is a
measure of the width of the curve or the dispersion.oi‘ the data. The
curve could be shifjted sideways by changing '(rm, aﬁd-the width of the
curve could be modified by éhanging (rd. Mathematical'éxpressiohs
for the modal,r med:.an, mea'n,frand/rioot-mean—-squar'e' values 6f the spect-
rum are given in figure C.2‘. The root#mean-square (rms) value is dé-
i‘ined as the square root of the mean of thevsqu.arés of the individual

values of xl or Or (70).
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APPENDIX-D

AKYUREK - I USERS = MANUAL

D.1. Introduction

The computer‘program  AKYUREK fplﬂ.bfédiCtsrthe fatigue life
of the-specimens subjected to- randomized block loading « It. uses -
.. the Wheeler and the .Willenborg retardétion models4.C9ntér cracked, . .
edge cracked, Sﬁrfaqe_fiawed specimehs, standafd compact tension:

‘and bend specimens are considered , Paris - Erdogan, Forman @ and
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Walkef's linear crack growtﬁ-calculation formulae are used. Either
| ' ' -
cycle - by - cycle or block - by - block crack growth dintegration

scheme can be chosen.

AKYUREK - I 4is in its developmental stage in terms of new
options, more sophisticated models, etc. The program, however , has
been designed to be modular in organizétion which'permits additions

and changes to be made more easily.
" D.2. The Program Outline

The program consists of fifteen routines and a supervisory
routine, The 6utline and simplified flowchart is given in §hapter Vv

(pp .66 - 63)

D.3., Data Preparation

CARD SET 1 : Selection of the retardation model (I.10) - One card.
Columns : (1 - 10) = MR Modél of retardation,
. | | (=1 Wheeler model)
(=2 :Willenborg model)
(=3 Const. amplitude Loading-Simps

integration scheme )
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“dolumns : (11 - 20) © MI  Model of integration scheme . |
(=1 Cycle by cycle crak growth -
integration scheme)

NOTE : if MR=3 +then MI=2 - (=2 Block by block integration scl:;eme

.

CARD SET 2 : Title card (20 4 4) - one card.

Columns : ( 1 - 72) TITLE Title of the problem, It is 1limited

to 72 alphanumeric characters.,

~

CARD SET 3 : Bounds on the problem ( 2020. 14) - one card.

Cblumns : (1 -20) A1 Intial " crack length.
( 21-40) AF  Final ( or critical) crack length .
(If.the crack Iength growes:s to final ~

crack length, the program stops. )

CARD SET L : Maximum and Minimum stresses ( 2D20.14 ) - one card. -

If MR is not equal to 3, Omit this card.

Columns : ( 1 - 20 ) SMAX Maximum stress.
(21 - 40 ) SMIN Minimum stress.
- If NFT=4 or 5 SMAX and SMIN

are loads (see card set_ﬂ;)
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ICARD SET 5 ; Selection of the Linear crack growth eq'n (I10) - one

card,

i

Columns : ( 1 - 10) MN = Linear crack growth equation number
(=1 Paris - Erdogan equation )
(=2 Forman's equation )

(=3 Vialker's calgulation formula )

CARD SET 6 : Linear crack growth data and material properties |
( 3D20.14 ) - two cards.

Card 1 Col's : (1-20) C  Material const. in Paris eq.,or
‘Forman's eq. or Walker's formula. -
Such as in C (AK ) ON,
(21 - 40 ) CN _ Material const. in Paris eq., or
o Forman's eq. OT Walker's”f'ormula .

, such as in ¢ (AK ),ON
(41 - 60 ) SKC Fracture toughness of the material,

card 2 col's : (1 -20) SYS Yield strength of the ‘sPecj_méni'.
(21 -140) W  Width of the specimen.
(41 - 60 ) B Thickness of the specimen .
(61 - 70 ) NFT Number of flaw type.
(=1 Center -Wcravckecv‘t,_. panel)
(=2 Sihgie edge hbtched spedimen)
(=3 Double edge érackéd specimen)
(=24 - Standard bend specimen )
(=5 '

compact tension specimen )
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(=6  Surface flawed specimen )

i

CARD SET 7 : Material property (D20.14) - one card

If MN is not equal to 3 omit this card
(see card set 5) - o
Columns : ( 1 -20) WN ~‘Walker nuﬁber. (Exponent in the .

' halker s formula. da/dN = CKWN Z&KCN)

Flaw size ( D20.1% ) - one card.

CARD SET 8
” If NFT d4s not equal to 6 omit this card.
o (see card set 6 ) |
Columns 3 (1 - 20 ) cI half the crack length of the surface
- .flaw in the maJor axis direction,

/-

"Specimen size ( D20.14 ) - one card.

CARD SET 9

If NFT is not equal to 4 omit this card .
(see card set 6 ) | .
Columns : (1-20) & Dlstance between the supports in the

bend specimen.

NOTE : If MR is equal to 3 omit all cards below I

CARD _SET 10 : Control data ( D20.14, 3110 ) - onme card .

_Cblumgs : (1 - 20')' ALPHA the constant reqUired'tO'evaluate the

plastic zone size .
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( =3. plane strain case )
(=1, ‘ piane stress case )
(21 - 30) MP Number of the plastic,zone‘formulation.'
(=1 Dugdale model )
o =2 Irwin model )
(31 - 40) JE  Total number of flights, spectra or
| . repeating groups of loading blocks.
(41 = 50) JA = Total number of blocks; |

”~

CARD SET 11 : Control of the retardation ( D20.14.) - one card,
~ If MR is not equal to 1 omit this card.

"Columns : (1 - 20 ) WM - Wheeler exponent ( retardation exponent)

.'WM'isvchosenvsuch that, similar results
/-

" to the test data could be obtained .

CARD SET. 12 : Stress or Load history input -(I110,2D20.14)- JA-cards.

“Columns : (1 -105 JB(IA) Total number of cycles,in'the;IA’th block
| (11-30)  SMAX(IA) Max. stress in the IA 'th block

If NFT=- 4 or 5~ Max, load _
(31-50) SMIN(IA) Min. stress in the IA® tn block

If NFT=4 or 54 min, load

7ﬁOTE ; If number of cycles in a fllght or total number of blocks
exceeds 900 Dlmen51ons of JB -SMAX and SMIN jn. the COMMON blocks
should be increased. Wlthout any change in dlme351ons, JA can. &t
most be 900, - |

Core
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CARD SET 13 : Output control data ( I10 ) - one card,

éolumns : (1-10) 1P Printing type
| . (=1 prints out information at the’

end of each block) |
(T 2 prints out information at the
énd of each flight, spectra or group
‘blocks) |
(=3 prints out information at the
end/ofrefery NP cycles, Seé‘card

set ll-i-)o

NOTE : If‘block‘by block ihtegration,scheme is used, output is in.a
fixed form. But, You. Should write output control card only to satisfy- -

data correspondance. . o o S

CARD SETyluk: Print control ( I10 ) - one card.

If IP is not equal to 3 omit this card.

columns : ( 1 - 10 ) NP Information is printed at the -end of

every NP cycles.

NOTE ¢ Read the note written above,
D.4. Dictionafy

A Magnification factcr'curve'fitting parémeter.“;M::.j:“~7'
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AMF = A x( RAB. ) ¥*¥R , RAB is crack length-thickness
‘ratio in surface flaw | |

hCP Retardation factor in the AI direction

ADAL.  Iinear crack grbwth rate in the AT directioﬁ

ADAR  Retarded crack growth rate in the AI direction,

ADK Stress intensity range in AI direction
AF Final or'critical crack length in AI direction
- AT Initial or current crack lengfh.

AKMAX Maximum stress intensity factor in AI direction.

AKMAXE Maximum éffective stress infensity factor in AI direction.
AKMAXO Maximum stress intensity faétor due to overload. |
AKMIN Minimum étress intensit& facfor in AI direction.

_ AKMINE'Mihimum effective stress intensity factor in AI direction.

ALPHA A cbnstant. ﬁil for plané stress and =3, for plane strain.

- AMF . Magnification pactor in AI direction in surface flaw,’
80 Crack length at the overload applied.
AR Cycle ratio in AI direction AR = AKMIN/AKMAX

ARPI  Current plastic zoneksizé in AI direction,

ARPO - Plastic zone size due to overload in AI direétion. A

B ' Thickness of the specimen,
C -  Material constant used in linear crack growth equations.
CCP  Wheeler retardation factor in CI direction.

CDAL  Linear crack growth rate in CI direction.



CDAR
COK
CF
CI

CKMAX
CKMAXE
CKMAXO
CKMIN
CEMINE
CN -

Co
CR
CRPI
CRPO

IA
1B
1E°

IP

JA
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Retarded crack'groﬁ£h rate in CI direction.

Stress intensity range in CI° direction.

Stress intensity correction f;ctor polynomigl.

Current or ipitial crack léngth in the major axis direction

in surface flaw,

Max stress intensity factor in CI direction.

Max. effective stress intrensity factor in CI direction.

Max.VStress intensity due to'dverload in- CI direction.
Minimuﬁ stressrintensity fgctor in CI direction.

Minimum effective stress intenéity factor in CI direction.
Material constant used as exponential in linear crack growth
equations, | '
Crack‘lengthlat overload, in CI direction. .

Cycle ratio in CI direction . CR=CKMIN/CKMAX.

Cufrent plastic zoné size in CI direction,

Plastic zone size due to overload, in CI direction,
Function used in Simpson's formulation's,

Step size used in Simpsonfs formula, S e
Currént block number. iA:]q JA.

Current cycle number in the block. IB::l, JB(JH).

Current flight or spectra or group of. blocks number.,

IE=1, JE .- | )

Print controi data , IP =1 prints out at the éndvdf'eaCh'

block , IP=2 each flight , IP=3 every . NP cycles.

‘Total number of blocks in a group or total number of cycles

-in a flight.



JB(JH)
MI

MN

MP

MR

" NFT

NI
NO
NP-
NT

[oF

Total number of flights, spectra or repeéting groups of
blocks. .
Total number of cycles in JH - th block
Model of integration scheme.,
MI=1 cycle - by - cycle inﬁ.
=2 block - by - block int.

Linear crack growth equation number .

MN=1 Paris - Erdogan equation,
=2 Forman's equatidn,
=3 Walker's calculation formula,

Plastic zone size evaluation model number,

MP=1 Dugdale model, =2 Irwin model,
Retardation mbdel number , MR=1 Whéeler model
| =2 ﬁillenborg model
‘:=3 Simpson's formula.

Number of flaw type. |
NFT = 1 center crack panel,

=2  Single edge crack

: ;‘3 Double edge crack

= Bend specimen

=5 Compact tension specimen
= ~ Surface flaﬁ..
Data‘sgt number for input.‘ NI =5
Data set number for output. NO= 6

Print is made at the end of every NP cycles.. &

Total number of cycles.
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PHI © Elliptic integral of the second Kind.

PI  PI = 3,1415927 |

GMAX Flaw shape 'p'arameter due to x;xaximum stress,

QMIN Flaw shape parameter due to minimum stress ..

R Constant used as exponent in m_agnification factor evalution

in surface flaw,

EAB Crack length - thickness ratio. RAB = AI/B.

RAC RAC = AI/2 ¥ CI, |

SKC Fracture toUghness.éf the .specimen.

SMAX Maximum streés, l

SMIN - - Minimum stress.

sSYS Yield strength of the specimen,

W Width of the ‘specimen. |

WM Wheeler retardation exponent.

WN . Walker's number used as ekponenf in Walker's calculation
formula,

2 : Distance between the supports in bend specimen,

D.5 Sampie datd prepardations
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De6o QRestrictions emd Limitations.

Certain restrictions have been imposed upon the analysis.

e Compressive loads

The theory behind the crack growth rate laws and the retardation
models was essentially developed for tension - tension 1loading .
Consequently all compressive loads in the spectrum are trancated to

ZeIroO,

b. Surface flaws o o

Surface Tlaws are grown under the assumption of constant shape.
The current AKYUREK -<I surface flaw formulation and the magnifica -

tion factor are only valid for a/2C £0.5.

‘e, Unit system,

Theretis no restriction for unit system., But the data uéédvin
fhevcrack growth evaluations should be consisted io.\Output;is set
to the units of data . For example , if a ; is in inches, the output
of (da/dN) 1in, (da/dN) ret. ai, &o are all in-inches.

d, Block by block crack growth.integration scheme..

This optﬁln is available only to have approximate information
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about fatigue behaviour’of’the specimené subjected to randomized
block loading . Since linear or retarged crack growth rate is
assumed to be constant within the block , block by blbck integration
scheme overestimates the cyclic life . The smaller the block size,
the,better the résulté it estimates .\This integration scheme is

not used for surface flaws.
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APPENDIX - E

- SPECIMEN ORIENTATION NOTATION.

Some of the tést specimens are méchined from large plates;
The specimens from the same plate show different érack propagation ra-
tes under ideﬁtical conditons,'if their orientations are different,
The orientation of 2 specimen is expresséd with two_letters’ (figure_g,1)
The first letter is the direction of the normal of crack plane. The

second letter stands for the crack propagation direction.

L. Longitudinal

T+ Transverse (long) . .

'S. Short transverse

L4

Figure E,1, Specimen orientation notation fdfiplate materials., ' :
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