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NOMENCLATURE

a = crack length (mm)

a 3 = initial, final crack length (mm)

b = fatigue strength exponent

c = fatigue ductility exponent

C = Paris crack growth coefficient

da/dN = fatigue crack growth rate (mm/cycle)

e = nominal strain (mm/mm}

ae = nominal strain range (mm/mm)

= modulus of elasticity (MPa)

= stress intensity factor (MPa/m)

= stress intensity factor range (MPa/m)

= cyclic strength coefficient (MPa)

= fracture toughness (MPay'm)

= effective stress intensity factor range (MPay/m)
= theoretical stress concentration factor

= threshold stress intensity factor range (MPa/m)
= actual strain concentration factor

= actual stress concentration factor

= cyclic strength exponent

= number of cycles to failure

= number of reversals to failur (1 cycle = 2 reversals)

gzarﬁ;.ﬂ‘%ﬁ?ﬁ;"

N, N,.N, = initiation, propagation, and total fatigue life estimates (cycles)
AP = load range (KN)
R = stress ratio (0pi/ s

xiii



= nominal stress (MPa)
= maximum nominal stress (MP3)
= nominal stress range (MPa)

= total strain amplitude

= elastic , plastic strain amplitude

= fatigue ductility coefficient

= local stress (MPa)

= local stress range (MPa)

= local stress amplitude (MPa)

= mean stress (MPa)

= yield strength (MPa)

= fatigue strength coefficient (MPa)

= maximum , minimum local stress (MPa)

xiv
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concept using Paris relationship was used for farigue crack propagarion life estimates. I is shown thas
the influence of the corrosive environmen: on fatigue life can be incorporaied by determining the relevant
material properties in the environment and at the frequency of interess.

An axperimenial program was performed in an atiempe 10 determine the fatigue properties of a
modified Al- 2.5 Mg aluminum alloy under constant amplitude cyclic loading. Testing emvironments
include laboratory conditions and Arabian Gulf water. Fatigue life predictions were compared with
experimental data of censral notched specimens. Good correlation between the analytical predictions and
axperimental data was observed.
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CHAPTER 1

INTRODUCTION

Most engineering structures and components, subjected to cy—clic Ioading,
contain some form of stress raisers that result from geometrical or metallurgical
discontinuities. These notches are usually responsible for providing the origin of
fangue crack formation and thus reduce the fatigue resistance of otherwise smooth
members. Hence, considerable attention has been given to fatigue pruperties and
fatigue life prediction of notched members.

Most of the earlier approaches were performed on smooth specimens where
the effects of notches is accounted for by the fatigue notch factor. However, as the
fracture mechanics gained engineering significance, the total fatigue life of a notched
member is considered to consist of two portions: crack initiation life, which is
consumed in developing and propagating short cracks, and crack propagation life,

which is spent in growing an engineering size crack to unstable length.
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The local strain approach is conventionally employed for the estimation
procedure of crack inmitiation life {1]. The basic assumption of this method is that
equivalent fatigue damage will occur at the critical location of the component and
a smooth specimen if both are undergoing the same stress and strain histories. By
means of this technique, fatigue initiation estimates are deduced from data presented
inﬂxefomofstainampﬁmdsversusrevasalswfaﬂumofsnanun;xotchedaxial

specimen subjected to completely reversed constant amplitude cyclic loading.

Linear elastic fracture mechanics has been used to estimate fatigue crack
- propagation lives of engineering components and structures [2] . In this approach,
the growth of a fatigue crack under constant-amplitude cyclic loading is principally
controlled by the stress intensity factor, K, which defines the elastic stress field
around the crack tip. For a certain material, the crack extension per cycle versus the
stress intensity factor range is a typical presentation of fatigue crack propagation
data. The results of constant amplitude fatigue crack growth rates are usually

correlated using Paris power law [3].

A simple approach for combining the initiation life and propagation life of
notched members has been developed by Socie et al [4]. In this model, the local

strain concepts is used to compute the initiation life. Paris equation is employed in
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the estimates of propagation life assuming an initial crack length equal to the notch

depth.

Environment interactions have been observed to reduce fatigue resistance of
metallic materials when operating under corrosive environment [5]. The deleterious
effects of the conjoint action of mechanical loading and chemical am;ckaremore
significant than would be predicted by considering fatigue and corrosion damage
processes separately. This unique failure mode,termed corrosion fatigue, has been
recognized as a serious problem in many industries such as aerospace, nuclear power
plants, chemical systems and naval structures [6].

The difficulty of fatigue life prediction under a corrosive environment
becomes evident when considering the numerous mechanical, metallurgical and
environmental variables that contribute to the process [7). However, from an
engineering point of view, it is often assumed that the adverse effects of the
environment can be included in fatigue life estimation procedures by determining the

material fatigue properties in the same environment and frequency of interest {8].

The objective of the present study is to investigate the applicability of the
initiation-propagation model for fatigue life estimation of notched members in

Arabian Gulf water environment. Two types of the modified Al- 2.5 Mg alloy are
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chosen for the study. Two notched geometries will be investigated, one with a low

stress concentration factor ( K, = 2.4 ) and the other with higher value (K, = 4.2
). Initiation, propagation, and total life will be compared with experimental fatigue

lLife data conducted in air as well as in Arabian Gulf water environments.



CHAPTER 2

LITERATURE REVIEW

In recent years, considerable effort has been given to the development and
application of quantitative procedures to correlate and estimate crack initiation and
propagation response of engineering structures under the conjoint action of
mechanical loading and aggressive environment. Although, most service loading can
not be characterized as constant amplitude, it is believed that assuming constant
amplitude loading can reveal valuable characteristic information about the behavior

of the material under investigation.

Fatigue lives of notched structures subjected to constant amplitude loadings
are assessed by a variety of analytical methods including stress-life curves, local
stresses and strains, and linear elastic fracture mechanics [9). Nominal stress
combined with fatigue strength reduction factor approach fails to account for plastic

behavior at the notch region and does not consider the propagation life regime which
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may be of great significance to the total fatigue life. Therefore, stress-life analysis
is considered as very conservative and hence inappropriate for total fatigue life
evaluation of notched members [10].

It is well established that fatigue is essentially a two stages process: initiation,
oonuolbdbymtdlplasﬁdly,andpmpagaﬁon,conuoﬂedbynonﬁn.alsuasand
" crack length. Initiation life is considered to be the number of cycles consumed in the
nucleation and growth of a small crack to a length where it becomes a dominant
fatigue crack. Propagation life concerns with the growth of the dominant fatigue
crack to final fracture.

Local-strain and fracture mechanics approaches have been involved
extensively in fatigue life analysis. For crack initiation, local strain is the most
widely employed technique whereas fracture mechanics has found wide acceptance

for crack propagation.
2.1 Fatigue Crack Initiation
Varicus models have been suggested to estimate the number of cycles to

initiate a detectable crack. The definition of the initial crack is quite arbitrary and

depends upon the viewpoint of the analyst as well as to the technique involved to
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observe and measure the crack at the notch root. Because the maximum local strain

at the notch root is thought to be the controlling parameter during inifiafion process,
consideration of local strains at the highly strained regions are essential for fatigue
initiation life assessments. The most widely used method for initiation life estimates
is known as the local-strain method. In this approach, it is assumed that: (1) 2 given
notdxsuainwmmmkinﬂxesamefaﬁgmﬁfe,anda)eqmlfaﬁgneﬁﬁ;danngemd
hence fatigue life is considered to occur in both notched member and smooth

specimen if they experience identical strain histories [1].

The total strain amplitude is the sum of the elastic and plastic strain

amplitudes,

sey_se, se,

PR
2 2
using Basquin stress-life relation {11] and Coffin-Manson plastic strain-life equation

[12], Equation (2.1) can be rewritten as:

(2N} + &, (2N @2

where,
b = Fatigue strength exponent
o'c = Fatigue strength coefficient

¢ = Fatigue ductility exponent



&’y = Fatigue ductility coefficient
2N = Number of strain reversals to failure (one cycle is two
reversals)
Equation (2.2) requires four materials constants which can be determined by low-
cycle fatigue testing of smooth specimens. To include the mean stress effects, both
dasﬁcandplasﬁcstraintermsinﬁquaﬁon@l)shouldhemodiﬁed[iﬂ,
A_el.:&,—a

270 (ot + 8,225 oy @3)
2 E ! o,

where o, is the mean stress.

Hence, by knowing the local strain at the notch root and strain life data for
a smooth specimen of the same material, fatigue initiation life of notched
components can be evaluated. A variety of methods have been involved to determine
local strains at the notch : direct measurements , empirically relating nominal
stresses and strains to local values, and finite element analysis. The most widely
used empirical relation is Neuber’s rule which states that the product of the local
stress and strain concentration factors is constant and equal to the square of the
theoretical stress concentration factor [14] . For any loading conditions , Neuber’s

relation can be expressed as:



2_AC AT
E-222 @-4)

where AS and ae are the nominal range values of stress and strain, and ao and a¢
are local stress and strain ranges, respectively. This relation, in conjunction with the
cyclic stress-strain response of the metal of interest, characterize the cyclic behavior
at the critical location for any loading conditions. '

Sato and Shimada proposed a new procedure to estimate fatigue crack
initiation life for notched members of different materials using low-cycle fatigue tests
[15]. Under constant amplitude fatigue testing, they observed that the maximum
strain value at the notch decreases rapidly reaching a minimum value and then
increases gradually as the number of elapsed cycles increases. One of the main
results of their experiments was that the maximum local strain value at the first cycle
coincided with the local maximum strain value at crack initiation. Crack initiation
life was determined experimentally by microscopic observation of small crack

propagation having a length of 10-15 pm.

Figure 2.1 shows the relationship of g_,, versus N for a steel alloy at two
different initial stress intensity factor ranges, where N, is the crack initiation life
ascertained experimentally. Though the physical interpretation of this relation is not

established, it has been verified independently of material, notch radius and length,
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prestrained conditions, and initial applied stress intensity factor ranges. However,
initial applied stress intemsity factor values do affect the number of cycles for

initiation life.

Furthermore, a method to determine the crack initiation life was proposed
[15]. Three measurements or estimates of local maximum strain are p-loued versus
the corresponding values of the cyclic number. Then, if a line is drawn parallel to
the N axis passing through the maximum strain value at the first cycle, the point of
intersection of the horizontal line with the curve will yield approximate initiation
life. The results of this method for two different materials are displayed in Figure

22.

A mechanical model for fatigue crack initiation prediction has been developed
by Zheng [16]. It is assumed that no fatigue damage is produced and a fatigue crack
will not initiate if the local strain at the notch is below a critical value which is
referred to as the endurance strain range limit a&.. A formula relating initiation life

to tensile properties, loading conditions, and notch geometry was derived:

2 12

2
N;=C|(ac,) e (Aoq‘)ﬁ“"" @.5)

where aog,, is an equivalent stress range which induces an equal strain range at the

notch tip regardless of notch acuity and stress ratio, it is expressed as:



i1

= 1 2.6)
a0, 20 _R)x,as

the threshold value of the equivalent stress range can be obtained by the following

equation:

(a0, Ju~/Eopf 90 @n
f .
the constant C in Equation (2.5) can be approximated by:

C=14( W 4(1+2) (2.8)
Thus, initiation life can be estimated solely with tensile properties, strain endurance
limit, and strain hardening exponent. Furthermore,the constants in Equation (2.5)
can be obtained by linear regression analysis of the equivalent stress range versus
cycles to initiation data as shown in Figure 2.3 for an aluminum alloy. The fatigue
crack initiation threshold obtained numerically agrees well with that obtained using
Equation (2.7). Comparison between predicted fatigue crack initiation life and test

results is depicted in Figure 2.4 for 2024-T3 Aluminum Alloy.
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2.2 Corrosion Fatigue Crack Initiation

For any given material, general degradation of fatigue properties will take
place as a result of the presence of a corrosive environment. Various gaseous and
liquid mediums are considered to have serious effects on fatigue life but aqueous
soluﬁomatambimttempaanneisﬂlemostﬁeqtmﬂyencmmtemdi:;engimeﬁng

applications.

Bemstein and Loeby {17] have conducted low-cycle fatigue tests under strain
control in salt water to study the life dependence upon environment and cyclic
frequency. All the materials that were studied have shown a significant reduction in
life ranging from 60% to 35% of the experimentally determined life in lab air.
However, time dependence has been found to vary with materials. Both elastic and
plastic strain ranges versus life equations were modified by a frequency term to

estimate the corrosion fatigue life. Hence, Equation (2.2) is rewritten as,

ae=A @N)* VO PLB NP VOB .9
where A, a, B, B, ¥., and v, are materials constants, which can be determined
experimentally, and » represents the frequency of the tension loading. Equation

(2.9) provides good correlation to experimental data for the air and salt water



13

environments as can be seen in Figure 2.5 through 2.7 . The correlation coefficients

for the salt water data were between $.93 10 0.96 .

Quantitative evaluation of pitting growth can be involved to predict the
corrosion fatigue crack initiation life for materials exhibiting excessive pitting
wmﬁm[l&.ltmmwmmmmﬁﬁgmdmmm
of three stages: pit growth, crack formation emanating from a critical pit, and
corrosion fatigue crack growth. It is assumed that the critical pit size at which
transition into a crack can be determined by the intersection between pit growth rate
and small fatigue crack propagation rate. A corrosion pit growth law was suggested

as:

C)e*n2Q2 (224 0)* iK™ @.10)

<l

where,

C,=amatetialcoefﬁcient

f = frequency
a = aspect ratio ( pit depth/pit radius)
Q = shape factor

Thus, by means of Equation (2.10) the stress intensity factor at the critical pit size

can be obtained.
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For the case where crack initiation is controlled by pitting, the author [18]
proposed a procedure to determine the aumber of cycles taken to form a small crack
as follows. First, the maximum pit size in the critical area is measured or estimated.
Then, using the pit growth law, it is possible to determine the number of cycles
needed to attain the calculated critical pit size which corresponds to the residual life.
Finally, ixﬁﬁaﬁonlifeisﬂxesumofdleuumbﬁofcydaatthemaxit-numpitsize

measurement and the residual life.

Linear Elastic Fracture Mechanics (LEFM) has been used in the evaluation
of crack initiation for both inert and corrosive environment [19,20]. Data has been
presented in terms of the stress intensity factor divided by the square root of notch
radivs ,AKASp, versus N; . The maximum cyclic stress range at the notch tip can

be obtained in terms of the elastic stress concentration factor and remote stress as,

ac_ =Kao @.11)

On the basis of LEFM, however, it can be related to the stress intensity factor:
2
so =22 @.12)
= Vo
combining Equation (2.11) and (2.12), it can be shown that the AKA/p parameter
is nothing more than fracture mechanics approach to determine stress concentration

factors.
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Novak [20] has investigated the long-life corrosion fatigue crack initiation
of typical construction steels in 3.5% NaCl solution using the above parameter. It
was found that a linear relationship can correlate AKASp and the logarithm of
initiation life cycles for all steels as shown in Figure 2.8 . It was concluded that
prediction of conodonfaﬁguesuangﬂl(hﬁﬁaﬁonlife)fcrrdaﬁvdl;shonﬁfe(
high load) would yield conservative characteristics information for steels. Thus if
similar data is available, it is possible to estimate the initiation life with reasonable

accuracy.

2.3 Fatigue Crack Propagation

Significant portion of fatigue life may be spent in the propagation of cracks
inherently present in engineering componeats and structures. Such cracks can be the
result of manufacturing defects, welds, surface flaws, or excessive plastic
deformation at notched regions. LEFM presently offers the most powerful applicable
analytical technique in predicting the remaining life of such members. In this
approach, pre-cracked panels are subjected to constant-amplitude cyclic loading.
Fatigue crack growth rate is measured and plotted against stress intensity factor

range.
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Numerous fatigue crack propagation laws have been proposed [2]. Perhaps
the most commonly used law which relates crack growth rate to stress intensity

range (AK) in the linear region is the paris law [3). By means of this law:
da
— - .13
m=C(AK)' 2.13)

where C and m are materials constants that characterize materials resistance to crack
propagation and can be determined by the best fit to tests data. Fatigue propagation
life (N,) can be calculated by integrating Equation (2.13) from initial () to critical

crack size (ag :

Cl

da
N =
’ [,C(Ax)'

2-19)

Modifications of Equation (2.13) are usually utilized to include mean stress effects.

Forman equation {21] is the most frequently employed,

da__CGK)”
dN (1-B)K_-aK

(2.15)

where K. is the fracture toughness of the materials. To account for crack closure
phenomenon, AK is replaced by AK 4 in Equation (2.13) as suggested by Elber [22]
where AK; is the difference between K, and the crack opening stress intensity

factor Kooy -
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An attempt has been made by Krausz [23] to describe the esntire crack

growth curve:

1
dN | K-aK @10

da C AK‘AK.&]'

here, K, denotes the threshold stress intensity factor. Based on a simple physical

model, another equation that can be fitted to the entire curve was proposed [24],

%ﬁ Clak-aK? [1+—2K_| @17

KK,
The materials constants in the above equations are not necessarily having the same

values.

Scanning Electron Microscopy of fracture surface reveal the existence of
patches of finely spaced parallel marks, called fatigue striations. Many investigators
[15,25] have assumed that each striation spacing corresponds to one loading cycle
and sought to use striation count to relate the fracture surface analysis to crack
growth per cycle (da/dN) . Based on this correlation, fatigue crack propagation can

be obtained by the following relation:
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da _ 1 distant on fractograph
dN  magnification (striation]unit distant on fractograph)

@.18)

This correlation is recognized for a wide range of AK especially for Aluminum
Alloys [26]. It was noticed, however, that this assumption holds only for limited
range of AK for both a high strength aluminum alloy as well as for a steel alloy

[27].
2.4 Corrosion Fatigue Crack Propagation

Fatigue crack growth rate in corrosive environment is much more
complicated than in laboratory air environment due to the numerous varables
involved. Chemical reactions at the crack tip vicinity as well as the predominant
crack assisting mechanisms have great influence and at the same time they are not
likely to be predicted. However, experimental data for fatigue crack propagation
under service conditions have been correlated quite successfully for many alloys in

terms of da/dN versus AK .

For life prediction purposes, Paris’s law or one of its modifications are still
capable to represent corrosion fatigue data provided that a number of assumptions
are made regarding some physically significant parameters in favor of simplicity. In

the absence of susceptibility to stress corrosion cracking, it has been observed that
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an aggressive environment merely canses a shift of the da/dN versus AK curve of
the reference environment . From the above observation it can be argued that
corrosion fatigue crack growth still can be described by Paris’s equation . In fact,
many investigators have used the Paris’s equation to describe corrosion fatigue crack

growth data [28-30].

In general, fatigue crack growth behavior in a certain environment involves
a dependance upon cyclic frequency , which reflects the effects of time, and the
level of stress ratio R which accounts for wedging effects of corrosion-products at
the tip of cracks. Frequency effects can be simulated by choosing the frequency of
interest in the experimental stage. On the other hand, two analytical models have
been proposed for determining effective stress intensity factors that incorporate the
effects of stress ratic and crack closure phenomenon using Elber’s analysis [31]. In

this analysis, Paris’s equation is written as

da _

prri C(aKp~ 2.19)
where AK ; is a function of R and AK values. Bamfold [32] has presented a number

of forms that the AK 4 parameter may have in corrosion fatigue applications.

Endo et al [33] found that the corrosion-products induced wedge effect can

be eliminated if the crack growth rate is presented in terms of AK 4. Furthermore,
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they proposed a model for corrosion fatigue crack propagation for materials
exhibiting stress-assisted dissolution mechanism at the crack tip =

e = G+ 7 G @20
where (da/dn) and (da/dn); are crack growth rates in a corrosive environment and
in air, respectively, where the crack growth rate in air is given bquna;im(lQ)and
(da/dt), ,which represents the co;ltn'bution of stress-assisted dissolution crack
growth, was derived as

(%),, = Af*(1-R)® (aK p)" .21

where f is the frequency and C, m, A, a, and 8 are materials constants.

Chu and Macco [34] have employed the following equations to characterize
the crack growth data in air and saltwater environments for a high strength

aluminum alloy

da _ _leXmaK) @.22)
dN  [(1-RK,-aK]"

or
da _ caK*-aK,%) 22
dN  [1-RK, -aK}"
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Figure 2.9 delineates the applicability of Equation (2.22) to describe the crack
growth behavior from fatigue threshold o critical crack length for different R values

in saliwater environment.

2.5 I-P Model for Fatigue Life Estimation

The total fatigue life can be separated into two portions: initiation and
propzgation lives. The transition from iniiation to propagation is still the basic
problem that researchers face when attempting to estimate the total fatigue life by
suming the two portions. Furthermore, it has been observed that crack iniiation
is coarrolled by notch root plasticity, whereas crack growth rate is controlled by
crack tip stress field. This observation has led to the introduction of the nonarbitrary

definiton of crack initiation length.

Socie et al [35] suggested a model to estimate the total fatigue life of notched
members, where the initiation life is calculated using local strain approach and the
propegation life is computed by fracture mechanics approach. They assumed that a
fatigee crack is initiated when the fatigue damage due to crack propegation
mechznisms outstrips that due to strain cycle fatigue mechanisms at some distance
along the crack path ,3; , from the notch root. Subsequently, crack initiation life is

based on the strain range occurring at 3 from the notch root and crack propagation
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life is then calculated using a; as the imitial crack size. Figure 2.10 compares
experimental and predicted fatigue Lives of circular notched plates for a high and low

strength steel and a high strength aluminum alloy.

Another method, numerically equivalent to the zbove analysis, have been
postulated by Chen and Lawrence [36]. The total fatigue kife (Ny) of a number
of micro-elements along the crack path were determined using local strain and
fracture mechanics approaches to calculate initiation and propagation lLives,
respectively. The minimum value of Ny was taken as the total fatigue life and the
corresponding distant was considered as the initiation leagth (a). Althougk this
approach is numerically equivalent to Socie et al *model. it is simpler and it can

show the effects of arbitrary assumed initiation crack on the total fatigue life.

A much more simpler procedure to estimate the total fatigve life of cracked
ligaments has been suggested [4]. This method uses the local strain approach to
estimate the initiation life. The crack propagation life is computed by simply
collapsing the notch to become an initial crack of the same width as the notch. The

total life is then the sum of the two portions.
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2.6 I-P Madel for Corrosion Fatigue Life Estimation

For Fatigue life prediction under corrosive environment, The above model
has been applied by Khan et al [8] for notched specimens. It was assumed that the
environmental effects can be included in ﬁrﬁguelifeassessment-moddsby
determining the material fatigue properties in the environment and frequescy of
interest. Estimates were obtained without involvement of the growth of small
cracks in the notch region or the electrochemical issues. Good life estimates were
obtaired by this procedure in the high cycle region as can be inferred from Figure
2.11 and 2.12 for two different noich geometries having different stress

concentration factors.



CHAPTER 3

ANALYTICAL MODEL

Fatigue life prediction of notched members is conveniently separated into two
portions: crack initiation and crack propagation until final fracture. Crack imitiztion life
is the number of cycles spent in forming and growing short cracks at the highly strained
region. Crack propagation constitutes the portion of life spent in growing a predominant
crack size to unstable length where fracture takes place. The difficulty arises when
defining the crack size at which the crack characteristics change from the initiation
process to the propagation regime. Furthermore, fatigue crack growth rates are ofien

difficult to predict for short cracks growing near stress concentrations.

To circumvent this problem, a simple model has been used successfully to
estimate fatigue lives of notched members using constant amplitude fatigue data obtained
on laboratory specimens [4]. In this approach, local strain concepts is utilized to calculate
the initiation life. The crack propagation life is computed by the application of LEFM

concepis with the notch width taken as the initial crack size.

24
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Figure 3.1 represeats this approach schematically. The same approach has besa used for
fatigue life prediction of notched members in corrosive environments. It was assumed
that the effects of the aggressive conditions can be included by determining the fatigue

properties in the environment and at the frequency of interests [8]-.

3.1 Initiation Life Calculation

Fatigue crack initiation life calculation of notched members depends on the
relationship between the nominal stresses , S, and strains , e, to the local notch stresses
and strains, o and ¢ . For the current analysis, the local strain-sess responss will be
approximated using Neuber’s relation. Neuber’s rule postulates thzt beyond yizlding the
geometric mean of the stress and strain concentration factor K, and K, remains equal to

the concentration factor K, :

K = KK G.1)
where,

K, = actual stress concentration = Ad/AS

Ao = local stress range

AS = nominal stress range

K, = actual strain concentration = Ag/Ae

Ag = local strain range

Ae = nominal strain range

Using the definition of K, and K,, Equation (3.1) becomes :
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K'2= AGAE (3.2)
ASae

If the remote stresses and strains are assumed to be elastic, then Equation (3.2) can be

expanded to show

(S Ky G3)

= AG ae
E

Equation (3.3) relates the stress and strain response at the notch to the nominal stress and

strain. The expression for the cyclic stress - strain curve may be represented in the form:

8B _ A0 , (2% G4

where,
ag = cyclically stable strain range
ac = cyclically stable stress range
K’ = cyclic strength coefficient
n’ = cyclic strain hardening exponent
E = modulus of elasticity

combining Equation (3.3) and (3.4) gives

act | a0y (KaSP 3.5

Thus the local stress can be determined by solving Equation (3.5) using iterative

technique. The local strain can be then computed from Equation (3.4).
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Once the local stress and strain response has been determined the strain life

equation with the appropriate set of material properties can be solved for number of
reversals to failure, 2N, where N is the number of cycles to initiation. Material
properties are determined by low cycle fatigue concepts in the environment of interests

at zero mean stress. To account for the presence of mean stress effects, the strain-life

equation is modified as,
AE _ 6,‘0. - )
5 =7z (2N)® + &, (2NY G-6)
where,
¢, = mean stress

o’; = fatigue strength coefficient
b = fatigue strength exponent
&', = fatigue ductility coefficient
¢ = fatigue ductility exponent
2N = number of strain reversals to failure ( N = number of cycles to
failure)
A computer program has been developed for the initiation life calculation is given in
Appendix 1.
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3.2 Propagation Life Calculation

Linear elastic fracture mechanics (LEFM) concepts are employed for fatigue crack
propagation life calculations. The concept utilizes the crack growth rate data from
cracked specimens. Paris’s power law is the most commonly used correlation between
constant amplitude fatigue crack growth rates (da/dN) and the crack tip cyclic stress

intensity factor range ( AK ). In this formulation:

da _
e )

The material constants, C and m, can be found experimentally from constant amplitude
fatigue crack growth data at the environment of interests. The crack growth life, in terms

of cycles to failure, may be estimated by integrating Equation (3.5) as follows:

‘!
da
N, = G.8)
y ;,{ C(aK)"

where, 3, is the initial crack length and, a; is the critical crack length. The stress
intensity factor range, AK, for center cracked tension specimen is [37]:

AK = _Q_Ju__a sec(ﬂ) (3.9)
Wt W

where,
AP = load range

t = specimen thickness
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W = width of specimen

Because AK is a function of the crack length, the integration above must be
solved using a numerical procedure. For the current analysis, a,, is equal to the notch
dimension perpendicular to the maximum nominal stress. This simple definition of the
initial crack size eliminates the need to find a nonarbitrary initial crack length through
sophisticated procedures. The final crack size , a,, is calculated from the limiting load
capability of the cracked member based on the yield strength of the material under

investigation [8] :

¥_ Sou
2 2to,

where t is the thickness of the specimen and o, is the 0.2% offset yield. Appendix II is

a, (3.10)

a computer program listing for integrating Equation (3.6) numerically.



CHAPTER 4

EXPERIMENTAL PROGRAM

4.1 Material Selection and Experimental Setup

The experimental program of this study consists of three parts: strain controlled
fatigue tests, fatigue crack propagation tests, and stress-life tests. The material used in
this investigation were two different compositions of Al-2.5 Mg alloy. The temper
designation of this material is H34. The weight percent of the alloying elements ir- the
experimental aluminum alloys are given in Table 4.1 . All specimens were machined
from 1000 x 80 x 2 mm sheets parallel to the rolling direction. All fatigue tests were
carried out in both laboratory air and in Arabian Gulf water under constant amplitude
loading. Analysis of the Arabian Gulf water shows the composition given in Table 4.2
. Special plexiglass chambers have been fabricated for the purpose of testing under the
corrosive conditions. A small pump was employed to circulate the water inside the

chamber.
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4.2 Testing Apparatus

Cyclic loading was provided by an Instron 8051 closed-loop servohydraulic testing
system. This system is suitable for testing materials under static and dynamic loading
conditions. The system is fully digital controlled. The major parts of this system consists
of the following: a closed load frame with movable crosshead, a digital control console,
an actuator with a capacity of 100 KN in dynamic phase, servohydraulic grips with 400
bar maximum gripping pressure, a load cell which mmuneacumlappﬁedfome, and

a hydraulic power supply. Figure 4.1 is a front view of the system.

The digital control console provides facilities for control and monitoring of the
overall testing machine through an interactive front panel. The front panel houses all the
controls and indicators necessary for operation. Load, displacement, and strain may be
selected as the controlling mode. Different waveforms can be generated: ramps, sine,
triangle, square, haversine, havertriangle, and haversquare. Depending on the load level,

loading frequency may be vary from 0 to 100 HZ.

A digital Phillips oscilloscope was used to monitor the applied load. A
horizontally travelling microscope was employed in the measurement of the crack length.
A digital readout system, connected to the microscope, provided crack length

measurements with an accuracy of 0.00I mm.
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4.3 Strain-Controlled Fatigue Test

Results of strain-controlled fatigue testing are uwsed in the formulation of the
strain-life equation ( Equation (2.2) ) . Four fatigue parameters are to be determined
using empirical relations between stress and plastic strain versus reversals to failure. The
American Society of Testing and Materials (ASTM) has a standard recommended practice
ASTM E606-88 for conducting strain-controlled testing using uniaxially push and pull
loaded specimens [38]. The general guidelines of this practice will be followed.
However, the specimen design of this procedure is suitable for either round specimens
with minimum diameter of 6.35 mm (0.25 in) in the test section or sheet specimens as

thin as 2.54 mm (0.1 in).

Both of these specimen designs could not be used since the experimental alloy was
2 mm in thickness and round bars of the same material were not available. The major
problem was to determine an appropriate specimen geometry that will produce valid

results.

Miller [39] has suggested 2 specimen design for performing strain-controlled
fatigue tests on high strength steels having thickness < 0.1 in . No alternative specimen
geometry for thin aluminum sheets was found in the literature. Thus, an attempt has been
made in this study to use the specimen suggested by Miller aithough it was expected that

results may not be reliable. The validity of the results will be judged through comparison
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of the fatigue properties obtained using this specimen with values in the literature for

similar 2luminum alloy. The specimen configuration is shown in Figure 4.2 .

Fully reversed cyclic strain amplitudes were maintained by means of Instron
extensometer with 10 mm gauge length. The strain function exhibited a sine waveform
where the mean strain was kept at zero. Frequency of loading was varied from 10 Hz
, at low strain ranges, to 0.5 Hz at high values. For nominally elastic strain range, the

test was conducted under load control.

The stress-strain hysteresis loops were recorded by an X-Y recorder. The stress
range , ao, and the plastic strain range ,ag,, were determined from the height and the
width of the stable hysteresis loops, respectively. Failure was defined either as the total
separation of the specimen at the gauge length or sudden change of the controlled strain
exceeding the physical limits of the extensometer. Failures outside the gauge length have

been discarded.

Despite of very careful testing, the values of the required fatigue properties
obtained from these tests were found to be in conflict when compared to the valuves found
in literature for similar alloy. Thus the values obtained from our tests were discarded and

the values from the literature [8] were used for fatigue life estimation.
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4.4 Fatigue Crack Growth Test

The main purpose of this test is to assess the crack propagation resistance of the
material under investigation in order to predict fatigue crack propagation life of a pre-
cracked member. These tests were carried out under constant amplitude loading in
accordance to the general guidelines of the ASTM E647-88a [40]. The loading was
sinusoidal with the stress ratio kept at a value of 0.1 . Central notched specimens 38 mm
wide and 2 mm thick were used to determine the long crack growth rates. Specimens
were polished using 400 grit emery papers perpendicular and paraliel to the crack
direction. This was followed by final polishing with 600 grit emery paper perpendicular
to the crack direction. Fatigue precracking was performed at higher stress amplitudes to
produce a predominant fatigue crack. The crack length , a, was measured visually by a

travelling microscope to within 0.001 mm and displayed on a digital display.

4.5 Stress-Life Curves

Stress -life fatigue data were obtained to verify the prediction model. Fatigue tests
were performed under load controlled conditions at a stress ratio of R = 0.1 and testing
frequency at 20 Hz with a sine waveform. The specimen configuration and notch

geometries are presented in Figure 4.3 .



CHAPTER 5

EXPERIMENTAL RESULTS

5.1 Strain Cycle Fatigue Results

Figure 5.1 and 5.2 are plots of elastic strain ( a£/2) and plastic strain (ag,/2)
amplitudes versus reversals to failure on log-log scale for alloy type I, respectively.
Similar plots for alloy type 2 are shown in Figure 5.3 and 5.4 . Fatigue properties,
which have been derived from these plots using least sguare fitting technique, are

presented in Table 5.1 .

Comparing strain-controlled fatigue properties obtained from this work with
properties of similar aluminum alloys found in the literature, it was observed that these
results were not comparable and could not be used. It is deemed that the major source
of error is attributed to the specimen design. Although the same specimen design gave
comparable results for high strength sheet steels with the same thickness [39], the
problem here may be due to the lower buckling resistance of aluminum alloys when
compared to steels in general. The number of specimens failures outside the gage length

( more than 50% ) , even at relatively very low strain amplitudes, support this reasoning.
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Excessive bending at the gage length may also affect the data which then can not be
interpreted as fatigue data. Attempts to use small strain amplitudes to avoid buckling
proved to be of little help because strain amplitudes for which valid results can be
obtained would be limited [37,39] . Because of the above reasons, the required fatigue
parameters were obtained from literature for a similar aluminum alloy [8]. Strain-
controlled fatigue properties for 1ab air as well as comosive environment are given in

Table 5.2 .

The completely reversed stabilized cyclic true stress versus true plastic strain
relation has been approximated by a power law function as shown in Figure 5.5 and 5.6

for both alloy types. The relation may be expressed as:

c=K(e ’)‘i e.D
where,
o = cyclically stable stress amplitude
& = cyclically stable plastic strain amplitude
K’= cyclic strength coefficient

n’' = cyclic strain hardening exponent

The cyclic strength coefficient and exponent were derived from these plots using least
square fitting and presented in Table 5.3 for both alloys. It is assumed that these values

will not be largely affected by the presence of a corrosive environment.
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5.2 Fatigue Crack Growth Results

Figure 5.7 and 5.8 show graphical representation of crack length , a, versus

number of load cycles for both alloy types. This in turn is used along with a computer
program to calculate crack growth rate , da/dN, and stress intensity factor , AK . The
program is based on the seventh incremental polynomial method as was recommended
by the ASTM practice. The program listing is given in Appendix III . Fafigue crack
growth rates as a function of stress intensity factor ranges in both environments are
depicted in Figure 5.9 and 5.10 for alloy type 1 and type 2, respectively. A linear
regression analysis, using the least square technique, was performed on each set of data
to obtain the fatigue crack growth parameters from Paris power law regime. Table 5.4

presents values of C and m for both alloys in air as well as in Gulf seawater.

5.3 S-N Curves

Figure 5.11 and 5.18 represent high cycle fatigue data for both alloys in the

environment of interests. The loading ratio and frequency were kept at a value of 0.1
and 20, respectively. As for most aluminum ailoys, these alloys do not tend to show

fatigue limit. When testing in corrosive environment, the flow rate of the seawater was
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kept constant for all tests. Laboratory condition is considered as the air environment.

Table 5.5 to Table 5.12 give fatigue life data in tabular form.



CHAPTER 6

DISCUSSION

6.1 Fatigue and Corrosion Fatigue Resistance of the Experimental Alloys

Figure 6.1 to Figure 6.12 compare the experimental stress-life data of alloy type
I and alloy type 2 for circular and eiliptical notches in air and seawater environments.
Figure 6.1 shows that alloy type 1 specimens have longer lives than alloy type 2 when
compared at the same stress level for almost the entirc range of life considered. For the

case of the elliptical notch, the opposite behavior is displayed in Figure 6.2 .

This observation can be explained in view of the lower fatigue crack growth
resistance associated with alloy type 1 in contrast to alloy type 2 (Fig. 5.9 and 5.10).
Thus, for sharp notches, where significant contribution to total life may be due to fatigue
crack propagation, alloy type 2 show higher fatigue resistance whereas for blunt notches,
where the total life is initiation dominant, alloy type 1 exhibit higher fatigue resistance.
Essentially the same-trends are depicted in the corrosive environment (Fig. 6.3 and 6.4)
but with less manifestation which may be attributed to the fact that corrosive environment

decreases the relative susceptibility to notch effects as will be discussed below.
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The influence of stress concentrators on the fatigue resistance of alloy type 1 and
2 in the two environments are shown in Figure 6.5 through 6.8 . Figure 6.5 and 6.7
show the effect of the circular notch on alloy type 1 in air and in the corrosive media,
respectively. By comparing these two figures, it is obvious that notch effects on fatigue
strength in the aggressive environment is less sever than in air. This behavior is exhibited
in general by aluminum zalloys and alloy steels [41]. Figure 6.6 and 6.8 demonstrate
principally the same observation for alloy type 2 . This behavior can be explained by the
fact that multiple crack initiation take place at the notch root under corrosive environment
which reduces the severity of the notch and thus lowering the siress concentration factor

[41].

Typical effects of corrosive environment can be seen in Figure 6.9 0 6.12 ,
where a reduction in fatigue resistance at all stress levels is observed for both alloys.
Direct comparison of the air and the seawater data show that, the deleterious effect of
the corrosive environment is more pronounced in the high cycle region and this effect
diminishes in the low cycle region (Fig. 6.9 , 6.11 and 6.12). Crack propagation rate
data, where only a modest effect of environment was observed, confirms the latter
observation. This means that the eavironmental influence on fatigue life should be
considered seriously in the long life regime where a large percentage of life is spent in

crack initiation.
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This observation reflects the effects of the exposure time to the corrosive
environment which increases the interactions between the material and the environment,
thus resulting in shorter lives when compared to air data. Moreover, these figures
conform well with the fact that the presence of corrosive environment eliminates the

possible existence of an endurance limit [42].
6.2 Fatigue Life Predictions

Comparisons of the experimental data and fatigue life estimates for circular
notched specimens in both environments are displayed in Figure 6.13 throuch 6.16 .
Similzr plots for the ellipiical notch are shown in Figure 6.17 to 6.20 . In these figures,
initiation and propagation, and total life estimates were computed by the prediction model
presented in this study. For the case of circular notch in laboratory air (Fig. 6.13), the
model provides good estimates for the total life of alloy type 1 for the range of life
considered. However, for alloy type 2 the good estimates are limited in the region of
intermediate life (Fig. 6.14) which may be attributed to the higher chromium coantent of
alloy type 2 when compared to the alloy of which the fatigue properties were used.
However, excellent fatigue life estimates have been obtained for circular notched
members in corrosive environment as can be seen in Figure 6.15 and 6. 16 for alloy type

1 and 2 , respectively.
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For bluntly notched members, an initiation dominant behavior is expectad in both

air and seawater environments. The model should be able to confirm this expectation.
A comparison of the predicted and experimental results of the circular notched specimens
indeed show that the model properly predicts this trend for alloy type 1 in both air and
seawater environments and for alloy type 2 in the seawater environment. From the above
figures, it is apparent that fatigue life estimates in the long life region is initiation-
dominant process whereas in the short life regime fatigue crack propagation coatribution

becomes evident.

Figure 6.17 and 6.18 provide comparisons between experimental results and
fatigue life estimates for elliptically notched members in laboratory air. Good life
estimates were obtained in the life range considered. For elliptical notched specimens,
Figure 6.19 and 6.20 show that fatigue life estimates agree well with the experimental
results observed for both environments. From the above figures it is obviocs that all

fatigue life estimates lie in the safe side.

For sharply notched members, a relanvely large contribution of crack propagation
is expected to the total fatigue life. This must be especially true in the low to
intermediate life regions, where higher stress levels and higher K, values cause a
combined effect. Comparison of observed and estimated lives for ellipticzl notched
members illustrate that the model was able to adequately exhibit this trend zs can be

inferred from Figure 6.17 to 6.20 .
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A survey [43] of the different assessments of fatigue life prediction methodologies

postulates that the ratio of actual life to the predicted value is the relevant criterion by
which prediction models can be evaluated. Thus, a perfect model will deliver a ratio of
unity and a standard deviation of zero. However perfect predictions is neither achievable
nor of engineering significance in view of the inherent scatter associated with fatigue
data. Furthermore, according to Bush [44], a model works sufficiently well if the ratio
for all prediction lies within the range of 0.5 to 2.0 . Figure 6.21 through 6.28 are
comparisons between predicted versus actual lives for various combinations of notch
types and environments for both alloys. These comparisons show that good estimates

have been obtained especially in the seawater environment.



CHAPTER 7

CONCLUSIONS

The conclusions of this study are summarized as follows:

1. High-cycle fatigue curves show that fatigue resistance of the modified Al-

2.5 Mg alloys is reduced by the presence of seawater.

2. The effect of the aggressive environment should be considered seriously
in the long life regime whereas this effect diminishes at the short life

regime.

3. Alloy type 2 show better fatigue crack growth resistance than alloy type

1 for data in air as well as in corrosive environments.

4. Reliable constant amplitude fatigue life estimates for notched members of
Al-2.5 Mg type 1 and 2 alloys exposed to Arabian Gulf water can be
obtained from the initiation-propagation model presented in this

investigation.
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Good fatigue life estimates have been obtained without detailed
considerations of the environmental issues or the difficulties encountered

when attempting to define a non-arbitrary initial crack length.

For the purpose of fatigue life calculation using the initiation-propagation
model, the effects of an aggressive environment on fatigue hife can be
included by determining the materials properties in the enviroament and

at the frequency of interest.

For the stress concentration factors considered, fatigue life sstimates
exhibit initiation dominant behavior in the long life region for air and

seawater environments.

As the stress concentration increases (from 2.4 to 4.2), contnbutons from

fatigue crack propagation life to the total life increases.

Both type 1 and 2 of the modified Al-2.5 Mg alloys exhibit ow notch

sensitivity in corrosive environment.
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Recommendations for Future Work

The extension of this work can study the effects of other notch geometries and a
number of other enginesring materials. The model may 2lso be examined when the
process is primarily propegation dominant. Since this stndy was concemned with free
corrosion conditions, it is valuable to evaluate the model predictions under controlled
corrosion variables such as potential, oxygen concentration, pH etc. Another important
mnﬁdmﬁmkmm&emﬁdmdavxiahkampﬁmdelmdhgmnﬁﬁomm

evaluate its applicability to real life engineering situations.
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TABLE 4.1

Composition of the modified Al- 2.5 Mg alloys (H34) ( Weight Percent )

Type | Fe si Cu Mn Mg lar |zn T

1 005 }0.05 <0.01 | <0.01 247 {0.1 0.02 | 0.003

2 005 |0.04 <0.01 | <0.01 |248 |0.29 { 0.01 | 0.003

TABLE 4.2

Analysis of Arabian Gulf Water (in milligrams/liter) [45]

jons | Na+ Ca++ | Mg++ |So4 | CI Co3 { HCo3 |total

19186 | 704 2400 4894 | 34080 |18 189 61471




TABLE 5.1

Fatigue properties of the modified Al- 2.5 Mg alloys

Tvpe Environment o (MP2) b & c
699 -0.15 0.379 0.64
L scawater 24 | 0103 | 037 0.64
832 0.16 0.79 0.74
2 seawaler 924 -0.2004 0.79 0.74
TABLE 5.2
Fatigue properties of 5454-H32 aluminum alloy {8]
a; (MPa) b & c
Air 348 -0.044 0.82 -0.628
Seawater 1648 -0.2001 0.82 -0.628




TABLE 5.3

Cyclic strength coefficients and exponents for the modified Al-2.5 Mg alloys

Type K’'(MPa) n’
1 889 0.248
2 653 0.179
TABLE 5.4

Fatigue crack propagation parameters for the modified Al-2.5 Mg alloys

Type Environment C m
1 Air 7.527E-11 3.144
1 Seawater 4.156E-10 2.584
2 Air 7.943E-12 3.8713
2 Seawater 8.106E-10 2.232




Constant amplitude fatigue life data of circular notch, zlloy type 1 in l2b. air.

Table 5.5

Constant amplitude fztigue life data of elliptical notch, alloy type 1 in lab. air.

Sps | Sax (MPa) | Life (cycle) | Remark
xcal 142.8 145652
xca2 125 360434
xca3 107.1 1.5E6 Run out
xcat 178.6 34850
xca$ 142.8 86317

Table 5.6

Sp# | S... MPa) | Life (cycle) | Remark
xeal 107.1 9124
xea2 71.4 405724
xea3 142.8 15670
xead 142.8 15029
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Table 5.7

Constant amplitude fatigue life data of circulzr notch, alloy type 1 in seawater.

Constant amplitude fatigue life data of elliptical notch, alloy type 1 in seawater.

Sp# | Spu (MPa) | Life (cycie) | Remark

xccl 107.1 304887

xcc2 89.3 886964

xcc3 125 144362

xccd 714 1.5E6 Run out
Table 5.8

Sp# | Sex (MPa) | Life (cycle) | Remark
xecl 89.3 134454

xec2 71.4 299776

xec3 107.1 51653

xecd 107.1 45244




Coastant amplitude fatigue life data of circular notch, alloy type 2 in lab. air.

Table 5.9

SPF | Su (MPa) | Life (cycle) | Remark
ycal 125 164841
yca2 142.8 141767
yca3 89.3 2E6 Run out
yca4 107.1 447986
ycas 178.6 26553
ycab 142.8 71214
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Constant amplitude fatigue life data of elliptical noich, zlloy type 2 in lab. air.

Table 5.10

Sp# | S.. (MPa) | Life (cycle)
yeal 142.8 32615
yea2 125 53819
yea3 107.1 129570
yead 9.3 924577
yeas 98.2 135054
yea6 92.8 1368348
yea7 178.6 11220
yea8 142.8 16966
yea9 142.8 20519
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Constant amplitude fatigue life data of circular notch, alloy type 2 in seawater.

Table 5.11

Constant amplitude fatigue life data of elliptical notch, alloy type 2 in seawater.

SpF | S.x (MPa) | Life (cycle) | Remark

yecl 125 108815

yoc2 107.1 76598

yoc3 89.3 415693

yood 71.4 1.5E6 Run out
Table 5.12

Sp# | S (MPa) | Life (cycle) | Remark
yecl 142.8 19466
yec2 125 32161
yec3 | 107.1 54507
yecd 89.3 190404
yecS 71.4 188419
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SUS304 stainless steel at initial stress intensity factor ranges (2)

22 and (b) 23.8 MPa/m [15]
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Fig. 2.3 Regression analysis for Equation (2.5) [16]
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(2.5) for 2024-T3 aluminum alloy [16]



1045 Steel-Normalized

7 20 O - Ak. 20 cpm
~ o-20cps
& 17} & - 0.4/20 cpm [ Bait Water
c
«
B
o 12}
s
'2 1_0 ‘ - 2 1'
1000 5000 10000

Cycies To Failure

Fig. 2.5 Stress vs. cycles to failure: 1045 steel [17]

20 O AN, 20 cpm
- O~ 20 cpm
5 1—7 a=- M,z0m Salt Water
<
<3
c
<
[+
c
E 1.2
o
s 10
£ 08} o

l'!ll L 14 K 4 !ll 3 '

500 1000 5000 10000

Cycles To Failure

Fig. 2.6 Stress vs. cycles to failure: 304 stainless steel [17]

2024 - T4 Aluminum

Total Strain Range (%)

500 1000 £000
Cycles To Failwre

Fig. 2.7 Stress vs. cycles to failure: 2024-T4 [17]



62

120

100

(‘i'_(—_ ks 20
Ve

40
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ié

L L S W -

dkkikkkktkkttitkkttiitkd Fatigue Life Initiation Program **tkkikkikids:

gig 2(30), s(36), de(30}, nf(30), smax(30}, nfe(30), snéan(so)

fm$ = " it3. 3 #=3.3 #1#3.4 i tiiididi ' sizdzig”
fml$ = " #id.3 $33.# #:.3 3.3 iz T#idEiF-
fmt6$ = "S.R. (MPa) H.N.S. L.S.R. L.K.S. N N®
rthkkkkhkkkkkkkhkkkkhkkkkkihhkkhkihkithkhkhtikihkkikkhkkkihiihkiihkihkkihthkhkhkkhkthkhhkiidik-
s Mechanical properties

'ii*i**i*t*******tt*t*!*tt*t***t***ﬁ******t***tt*t**********i****i*ii*i
= 70238: k = 653: n= .179: kt = 4.2: q=1
fsc = 348: fse = ~-.044: fdc = .82: fde = -.628

=(kt -1) * g+ 1 -

r

-Mwﬁ#*ﬁi

4

sl = 65

DEF FNf (g) = (g ~2) /e +2 *g* (g/ (2 *Kk)) ~ (1 / n) - (sl *Kkf)
num = 30 .

FOR d = 1 TO num .

erl = .000001: er2 = .01

a = 10: b = 10000

s(d) = st +5

sl = s{d)}

r=.1

smax(d) = sl / (1 - x)
GOSUB mam

dad:

IF j = -1 THEN 3000
GSOTO 3020

3000 PRINT "no solutlon“
GOTO 3040

3020 g = x

z(4d) = .
de(d) =g /e+2*(g/ (2*Kk) ~(1/n) =
NEXT 4 N
[ £T223T233323322233 2232232323232 ]

’ Solving for The Strain Life Equation

Phkkkkkkhkkkkikitkkkkkkkktkkkhik

DEF FNy (nf) = (fsc - smeanl) / e * (2 * nf) ~ fse + fdc * (2 * nf) ~ fc

PRINT ¥"please wait!!"” ;

PRINT fmt6$

FOR » = 1 TO num

smean(p) = (L + r} / ((1 — xr) * 2) * s(p)

smeanl = smean{p) .

del! = de(p)

er3 = 9.99999R-15: er4 = 1

aj = 10: bj = 1E+08

GOSUB sadi

fadi:

IF 1 = -1 THEN 3180

GOTO 3200

3180 PRINT "Cycles to Fallure exeeds 1E10"

GOTO 3040

3200 nf(p) = INT(x1)

nfe(p) = .5 * (z2(p) / (2 * (fsc - smeanl))) ~ (1 / fse)

SgigT USING fml$; s(p); smax(p); z(p); smean(p): nfe(p):; nf(p)
p

INPUT " do you want to save the output, y/n"; ans$

¥ .
"



L7
IF ans$ = "y" THEN GOTO 200 ELSE GOTO 3040
200 INPUT "Enter name of file the path as d:\gb45\fatig\"; asd$
asd$ = ®"d:\gb45\fatig\" + asd$ + ".F42"
OPEN asd$ FOR OUTPUT AS 37
PRINT #7, "This is the output file "; asd$: PRINT #7 won
PRINT #7, npatiqgue strength coefficient= "; fsc; " b = *; fse
PRINT $7, “Fatigque ductility coefficient= "; fdc; ® ¢ = "; fde
PRINT $7, "K="; k, "n=%";n, "E="; e
PRINT 37, "Kt = "; kt, " q="; q, "kf = %; kf
PRINT #7, STRING$(75, "="): PRINT 37, " ®
PRINT 37, fmt6$: PRINT #7, * *
PRINT #7, STRINGS$(75, "="): PRINT 37, " "
FOR v = 1 TO num
PRINT 37, USING fmi$; s(v); smax(v); z(Vv); smean(v); nfe(v): nf(
PRINT #7, STRINGS$(75, "-%)
NEXT
CLOSE 37
3040 END
P hhkkihkthkkhithkhkhkkkhkkikkkhkkik
’ mam sub
Fhkkkkkikkkkkkktkhkkkikkkkkkkk
mams
counter = ©
a1 =a: bi=Db .
= FRf(ai) .
= FNf(bi)
IF (u * v) > 0 THEN 4870
4770 x = .5 * (ai + bi)
counter = counter + 1
w = FNf(x)
IF ABS(wWw) <= erl THEN 4860
IF (u * W) < O THEN 4830
ai =x: u=w
GOTO 4840
4830 bi = x: vV =W
4840 IF ABS(bi - ai) > er2 THEN 4770
4850 j = 1
RETURN dad
4860 j = 0O
RETURN dad
4870 j = -1
RETURN dad

sadi:

CONT = 0

a2 aj: b2 = bj

ul FNy(az2)

vl = FNy(b2)

IF (ul * vli) > O THEN 5070

4970 x1 = .5 * (a2 + b2)

CONT = CONT + 1

wl = FNy(x1)

IF ABS({wWl) <= er3 THEN 5060

IF (ul * wl) < O THEN 5030

a2 = X1l: ul = wl

GOTO 5040

5030 b2 = x1: Vvl =

5040 IF ABS(b2 - a2) > er4 THEN 4970
5650 1 = 1: RETURN fadi

ROGN 1 = 0O: RETITRN fadi -



APPENDIX I

(Fatigue Propagation Life Program)

118



r
[ 4
14
14
L4

ftmt$ ="  #3i.3
fmb$ =

. F2annn

® Maximum Stress(MPa) Af (m)

£f$ = "d:\gb45\fcp\fcpxal.out®

OPEN £$ FOR OUTPUT AS #1

- 119

kkkkkkkkkkkikkk Fatj_gue Crack Propagation Progran dkkkkkhkhkhkkkkki it
’

- :$33.23
K at fracture(MP

PRINT 21, "This is the output file ®; £$: PRINT #1, " =

PRINT 31, STRINGS$(75, "=%)
PRINT 31, fmb$: PRINT #1,
PRINT 21, STRINGS$(75, "=")
pi = 3.1415
CLS : COLOR 0, 14

= 7.527E-11: m = 3.144:
COLOR 0, 14

: PRINT 31, " "

: PRINT 31, " "

w = .038: ai = .005:

CLS : PRINT "wait for answer please™

ft = 20

PRINT 21, "C="; c; "m="; m: PRINT 31, "

PRINT 21, "Fracture Toughness ="; ft: PRINT 1,

ds = 65
FOR i1 =1 TO 20
cyc = 0: n = 0!: dn = 0!

ds =ds + 5
ac = ai: da = .0001
DO

20 beta = SQR(1 / COS(pi
dk = beta * ds * SQR(pi *
dadn =c *dk * m

dn = da / dadn

n=n+ dn!: ac = ac + da
cyc = INT(n)

ms = / -9

1OOP WHILE dk < ft

PRINT USING fmt$; ms; ac;
PRINT 31, USING fmt$; ms;
PRINT 31, STRINGS$(75, "-%)
NEXT i

CLOSE 21

END

* ac / w))
ac)

1A 1}

ep AN
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w N NN

1
Fhkhkhkkkkkkikkkhkkthkkhkkkthtkhkkkkttkki ittt ikt

. Reduction of Ctack Growth data
tikhkhhkhhkiiikkkkikkkkhkkhkikkikkkkthkkiittttk “

DIM a(50), n(50), aa(10), nn(10), bb(3), dadn(S50), delk(SO), aregq(50),

o~

gﬁlg = "Qbs. cyc a(mes) a(reqg) m.mcC. - delk da/dN
26 = ® :

fmt3s = “Obs. cyc a (mes) a(reqg) Cor Cof.l delk(N m~1/2)
fat4s = " =3 ###### -1 28 11 Jatala sl £ B § 5 Jateils #E8) E 35 2% & aeee
fats5$ = » 3 32888 2.334rnnnm .i

fmt6$ = #%3d r##### 198 17 2l £ 7% 1 1 s .58 7 $33.3§~nnn

"lh

CLsS COIOR 14, O
'***ii*i*t****i********i******ii**it*******

ORI

’ Specimen Dimensions and Load ( change your values before runing)

T P2 2222222222232 33111333222 222 22223222+ 3 2

s Precracking crack length in =nm
2m = 6.5: B= 2: w = 38 L

’ Maximum load and minimm load in N
pmax = 7000: pmin = 700

’ yvield strength of materials in MPa
ys = 214

' 4

B=B/ 1000: w=Ww / 1000:

r = pmin / pmax

pi = 3.1416

PP = - pmin

Ihkhkkkkhkhkkktkktkhhkkkkhkkikkkkkkkhkkkkhkkitkik

’ Reading ( a Vs. N ) Data

I xkkkkkkkrhkkkhkhkkkkkkkkkkkhkhkkhhkhkkkkkkkk
INPUT "name of data file with its pathY; datafile$
OPEN datafile$ FOR INPUT AS #3
INPUT #3, npts
FOR i = 1 TO npts
INPUT #3, a(i), n(i)
a(i) = (a(i) + am) / 1000
NEXT
CLOSE 33
PRINT STRINGS (75, "-")
PRINT fntl$
PRINT STRINGS (75, "-%)
FORu=1TO 3
PRINT USING fmt5$; u; n{u); a(u)
NEXT
P hkkkkkkkrkkkkhkrkhkkkrkikk
‘ Regression Analysis
IEI2IIIIIIISISIIILIL LS S 2 24 &4

npts = npts - 6
k=0

FOR i = 1 TO npts
1 =0

k=k+1

ki1 =k + 6

FOR j = k TO k1
l1=1+1

aa(l) = a(j)
nn(l) = n(3J)
NEXT

cl = .5 %* (nn(l) + nn(7))
= ,5 % (nn(?7) - nn(l1))



sx = 0: sx2 = 0: sx3 = 0: sx4 = 0: sy = O:
FOR z =1 TO 7

x = (nn(2} - cl) / c2

sx = 0: sx2 = 0: sX3 = 0: sxX4 = 0: sy = O:
FOR z =1 7

x = (nn(z) - cl) / c2

YY = aa(z)

SX = sx + X

SX2 =sx2 +X ~ 2

sx3 =sx3 +xXx~ 3

SxX4 = sx4 + X ~ 4

Sy = sy +YY

syx = syx + X * yy

Syx2 =syx2 + yy * x ~ 2

NEXT

den = 7 * (sx2 * sx4 - sx3 *
t2 = sy * (sx2 * sx4 - sx3 ~
bb(l) = t2 / den
t3 =7 * (syx * sx4 - syx2 *
bb{2) = t3 / den
t4 = 7 * (sx2 * syx2 — sSX3 *
bb(3) = t4 / den

yb = SY/"

rss =

tss=0

FOR j = 1TO 7

X = (nn(i) -cl) / c2

yhat = bb{1) + bb{2) * x + bb(3) * x ~ 2
rss = rss + (aa(j) - yhat) ~ 2
tss = tss + (aa(j) - yb) ~ 2

NEXT

r2 =1-rss / tss

corcof(i) = r2

Syx

g n,
s ven

= %«‘-
]
=]

dadn(i) = bb(2) / c2 + 2 * bb(3) * (nn(4) - cl) / c2 ~ 2

= (nn(4) - ¢l1) / c2
= bb(1) + bb(2) * x + bb(3) * x ~ 2
areg(i) = ar
I kkkkkkkkthkkkkkhkhkhkRrhik

’ delta R Calculation for Center Crack
T332 x23232 222 2235+ + %4

snet = 0

qq =1+ 3
t=pi*tar/ w
sec = (1 / (COS(t)))

hftl = SQR((t * sec / W))
snet = paax / (B * (Ww - 2 * ar))
snet = snet / 1000000

s(i) = snéet

delk(i) = (hftl * pp) / B

ETIITIILII2II 224222222 2 3 3

’ Printing to the Screen

I axkkkkkrkkhkkhkhkkhkhhkkkikkkk
IF snet < ys THEN
PRINT USING " ##

ELSE

PRINT USING "*§}§

END IF

NEXT

-’v—nnf:-{-A
‘=ﬁpt>76

gadiddd
sadidEd

LI T8 1 1 i
.43

318 11 Mkt = 2
208 3 3 S 34

122

ad

4

2)-sx*(sx*sx4-sx2*sx3)+sx2*(
2)-syx*(sx*sx&-—sxz*st)-t-syxZ'J

#i. 43~
#3. 88

IR PR
A TAPET K AL

i i NI e

sX3) ~ sx * (sy * sx4 - syx2 * sx2) + sx2

SyX) — sx * (sx * syx2 - sx3 * sy) + sx2 ¥

VI YT 117 NTORIOR TR SO

1
A e

1]

*aove
YA e ¥ -

14
Y,

s v



FOR i = j

123

TO k

PRINT TSING fmt5$; i; n(i): a(i)

NEXT

INPUT " do you want to save the output, y/n"; anés

IF ans$S =
CLS
200 INFTT
OPEN asc$
PRINT
PRINT
PRIKT
PRINT
PRINT
FOR v =

"y" THEN GOTO 200 ELSE GOTO 300

“Enter name of file with the Path"; asd$
FOR OUTPUT AS 37

#7, "This is the output file *; asds:
7, "for the data from ®; datafiie$: PRINT

27, STRINGS$(75, ®="): PRINT $7, " %

$7, fmt3$: PRINT 7, = = -ty
37, STRING$(75, "="): PRINT 37, " * . :
1 TO 3

PRINT 37, USING fmt5$%; v; n(v):; a(v) .
PRINT 37, STRINGS(75, "-v) {

KEXT
FOR =

= 1 TO npts

HR =R + 3
I¥ s{m) < ys THEN S
PRINT §7, USING fmt4S; mm: n(mm); a(mm); ar ) :—corco . .
PRINT £7, STRINGS(75, "™-%) ) eg (m) £(m); del
ELSE

PRENT £7, USING fmt6$; mm; n(mm); a(mm): are H H 1
e #7: S (75, mem) (1m) g(m) ; corcof(m); del

XD
NEXT

IF

j = npts + 4: X = npts + 6
FOR km = j TO k

553

CLOSE 3
300 END

)

STRINGS (75, "-")
=7, USING fmt5$; ka; n(km); a (km)
#7, STRINGS(75, n-m)

e

WAL



