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Abstract

The work in this thesis is concerned with the meatsof the initiation and growth of small
fatigue cracks from notches under service loadhes. Fatigue life estimates for components stibjec
to variable amplitude service loading are usuadgdal on the same constant amplitude strain-lifa dat
used for constant amplitude fatigue life predictiofihe resulting fatigue life estimates althougkythre
accurate for constant amplitude fatigue, are alwaysconservative for variable amplitude load hist
Similarly fatigue life predictions based on smaliak growth calculations for cracks growing froravils
in notches are non conservative when constant amdplicrack growth data are used. These non
conservative predictions have, in both cases, Baewn to be due to severe reductions in fatiguekcra
closure arising from large (overload or underloeghles in a typical service load history. Smallesd
cycles following a large near yield stress overl@adunderload cycle experience a much lower crack
opening stress than that experienced by the sanlesciyn the reference constant amplitude fatiggeste
used to produce design data. This reduced craakimmpstress results in the crack remaining operafor
larger fraction of the stress-strain cycle and tAnsncrease in the effective portion of the stsisgsin
cycle. The effective strain range is increased taedfatigue damage for the small cycles is gretzn
that calculated resulting in a non conservativig et life prediction.

Previous work at Waterloo introduced parametergdbas effective strain-life fatigue data and
effective stress intensity versus crack growth dat. Fatigue life calculations using these paterse
combined with experimentally derived crack openisijess estimates give accurate fatigue life
predictions for notched components subjected teablr amplitude service load histories. Information
concerning steady state crack closure stressesgtigf strain-life data, and effective stress istign
versus small crack growth rate data, are all obthiinom relatively simple and inexpensive fatigast$
of smooth specimens in which periodic underloag@siaserted into an otherwise constant amplitudd loa
history. The data required to calibrate a variabiglitude fatigue crack closure model however, come
from time consuming measurements of the returrraxfkcclosure levels for small cracks to a steadiest
level following an underload (large cracks for whicrack closure measurements are easier to make
cannot be used because at the high stress levetdgdhes under service loads a test specimen useld w

fracture).



For low and moderately high hardness levels in lmateack growth and crack opening stress
measurements have been made using a 900x opticeisodpe for the small crack length at which a test
specimen can resist the high stress levels enamehtehen small cracks grow from notches. For very
hard metals the crack sizes may be so small tlattbasurements must be made using a confocal
scanning laser microscope. In this case the specimest be removed from the test machine for each
measurement and the time to acquire data is ordgtipal for an extended research project. The
parameters for the crack closure model relatingtéady state crack closure levels vary with mdteria
cyclic deformation resistance which in turn incesawith hardness. One previous investigation [Whtb
that the steady state crack opening level was |l@andrthe recovery to a steady state crack opetriegss
level after an underload was more rapid for a liaad for a soft metal. This observation can bearpd
by the dependence of the crack tip plastic zone #iat determines crack tip deformation and closure
level on metal hardness and vyield strength. Furthfsrmation regarding this hypothesis has been
obtained in this thesis by testing three differgteels of varying hardness levels (6 HRC, 35 HRi@,&0
HRC) including a very hard carburized steel havinfgpardness level (60 HRC) for which no crack
opening stress data for small cracks had yet bb&ined.

This thesis introduced a new test procedure foaiobitg data on the return of crack opening
stress to a steady state level following an undel®@mooth specimens were tested under load leistori
with intermittent underload cycles. The frequenéyoocurrence of the underloads was varied and the
changes in fatigue life observed. The changes inada per block (the block consisted of an underload
cycle followed by intermittent small cycles) wereed to determine the value of the closure model
parameter governing the recovery of the crack opesiress to its steady state level. Concurretts tes
were carried out in which the crack opening stres®very was measured directly on crack growth
specimens using optical microscope measuremengseltests on metals ranging in hardness fromaoft t
very hard were used to assess whether the newidgeehwould produce good data for crack opening
stress changes after underloads for all hardnesdsleThe results were also used to correlate crack
closure model parameters with mechanical properiibs together with the steady state crack opening
stress, effective strain-life data and the effectintensity versus crack growth rate data obtaiinech
smooth specimen tests devised by previous researphevided all the data required to calibratetthe

models proposed in this investigation to perforraistlife and small crack growth fatigue analysis.
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Chapter 1

Introduction: Background and Literature Review

The German Inter-City Express was considered ttimate in train travel. But in 1998, the train
derailed and slammed against a concrete bridgeia@as accordioned, and in seconds 101 passengers
were killed in the world's worst high speed ragatiter [2]. Later investigations discovered thesgmee
of fatigue cracks on the inside of the metal whigss$ that flattened into ellipsoids. This incidéogether
with many other accidents have increased the awaseof the dangers of fatigue failures that coetitou
occur in components of machines, vehicles, andctstres subjected to cyclic loading. Even though
fatigue has become a mature discipline, inadvefaigue failures have continued to occur in indest
such as the aircratft, railroad, and automotive striles and in structures such as bridges.

When it is exposed ttatigug a component may suffer from a sudden failurer aft@eriod of
repeated loading or vibration, even where the efdp#tress is far below a material’s ultimate static
strength. Failure is the end result of a procegsliting the initiation and growth of a crack, udyalt the
site of a stress concentration, such as a notageometric discontinuity.

Aircraft and marine structures, pressure vesselsep engines and generators, automobiles, and
other structures exposed to repeated loading,lleaffected by fatigue, and despite its complexibany
analytical methods have been developed in effortdetsign against fatigue damage. It wasn't untl th
introduction of servo-electro-hydraulic fatigue mames, and electron microscopes that a large amaiunt
fatigue data could be generated under constanvamable amplitude loading. These developments and
the examination of fracture surfaces resulted mumber of characteristic observations and analytica
concepts especially those of the application ofeflastic stress intensity factdt, to fatigue crack growth

by Paris et al. [3] in 1961, and the crack clogarenomena that was discovered by Elber [4] in 1970.

1.1 Fatigue Cracks

Fatigue cracks may be classified according to thsire i.e. micro-structurally small
(crystallographic) cracks, physically short crackad long cracks [5]. From experimental work it was
found that under uni-axial loading in air at ambigamperature, cracks (3-6 pm long) can nucleagdifin
bands on the surface or in the bulk of the material

Ma and Laird [6] indicated that crack propagatiakets place in two stages. During the first stage
a crack propagates on a plane of maximum sheassftage | crack while during the second stage

propagation takes place on a plane normal to theénnoen normal stress{age |l crack



In constant amplitude loading cyclic slip band fation is followed by propagation of the initiated
micro-crack which is referred to as a microscopjcahort crack into the grain, and its growth rate
decreases as it approaches the grain boundarpisistaige further fatigue crack growth dependshen t
ability of a specific micro-crack to overcome thiestf micro-structural barriers. This period of gtbwin
which the crack extends to several grains is termgdmicro-structurally small crack growth. The
following period of growth where the effect of nostructure of the material is averaged out andkcrac
closure has not reached a steady state levehretkas physically short crack growth.

Finally, when a few micro-cracks grow and form egéa crack that grows with a stable crack
opening stress until specimen failure, the cradkiismed a long crack. In the last 35 years a censiie
amount of attention has been devoted to small cketkaviour. It was found that at a given stress
intensity range the growth rate of short fatiguacks is faster than that of long cracks, thereftoe,
fundamental as well as practical reasons it wagreat importance to understand the behaviour and
growth of short cracks whose growth has been piedlinon-conservatively by the application of linear

elastic fracture mechanics [7].

1.1.1 Micro-Structurally Small (Crystallographic) Cracks

Cracks are considered to be small when all pertidenensions are small compared to some
characteristic length [8]. In case of micro-struatly small cracks, their length scale is compated
metallurgical variables such as the grain sizethla regime, the crack initiation and growth peried
strongly affected by the microstructure of the rhatad crack growth can initially take place at ste&s
below the fatigue limit of a material. Forsyth [@&fined the shear crack growth that takes placeglur
this period on a plane of maximum shearSaage | Growth Miller [10] noted that the initiabtage |
Shear Crackwill usually start at a surface stress concerraéind the crack will increase in size in the
largest surface grain that provides the longept@knes that are favourably oriented with respethe
maximum applied shear stress. Once the primaryebaiter the first grain boundary is crossed,dtaek
has to grow across several neighbouring grains evtstip system may not be suitably oriented with
respect to the maximum shear stress. During tligesthe crack growth slows down temporary and
should the applied stress level not be sufficienpriopagate the crack on the available less fabbura
inclined slip planes, the crack will be arrestetlisTretardation of crack growth at barriers is gigant
during the period in which the small crack growsotlgh the first few grains. Tokaji et al. [11] rostd
that the crack growth rates of small cracks deemtasarkedly at prior austenite grain boundariess limw
alloy steel and in a ferritic-pearlitic steel. Het crack was not arrested at these barriers aappked

stress levels, crack tip plasticity increased witlreasing crack length, but crack closure hadyabbuilt
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up substantially in this regime. Topper et al. [DBled that the first few large load cycles in abke
amplitude loading will provide enough local cyclitasticity to rapidly advance a crack through the

micro-structurally short crack regime.

1.1.2 Physically Short Cracks

Physically short cracks are of such a length tmatesistance to crack growth by micro-structural
barriers is averaged out, but crack closure hayetabuilt up to a steady state level [5]. Phydjcahort
cracks grow at a higher rate than long cracksHerdame value of applied stress intensity factogea
AK, and they can also grow at valuesA#¢f below that of the steady state threshold vahkg,, of long
cracks. In this regime the crack size and the igiviorce are large enough that the micro-structural
barriers can decelerate crack growth but are untabdgrest it [7]. The physically short crack regiiis
bounded by the upper limit of the micro-structyradhort crack regime and the lower limit of thedon

crack regime [13].

1.1.3 Long Cracks

Different mechanisms have been proposed in thealitee to describe fatigue crack extension
(long cracks). Smith et al. [14] described a mdueded on a plastic sliding-off mechanism at thetian
advancing crack which is now referred to as thestablunting process of fatigue crack extension.
During the application of a tensile loading, Figdya), the small double notch at the crack tip serves to
concentrate a highly localized plastic deformatidong the slip planes of maximum shear stresS @5
the applied uniaxial stress) (Figurdo)l)( As the specimen is deformed to the maximum tersiiin, the
width of the slip band increases and the cracktblimo a semicircular shape (Figure)l( Upon the
application of a compressive load the directiorslgf is reversed and the distance between the crack
surfaces decreases. The new crack surface creatied the tensile loading is partly folded by bucgl
into another notch (Figure 1.#)f. At the maximum compressive stress the crackstigharp again and

the fatigue striations are formed during the uniogd



(b) (d)

Figure 1.1 The plastic blunting process of fatigue crackxtensions: (a) zero load; (b) tensile load;

(c) peak tensile load; (d) reversed loading

1.2 Fatigue Crack Growth

The evolution of fatigue crack growth under cydibading has been the subject of intensive
studies during the last century. The growing irdene fatigue crack propagation in the 1960’s cimiad
with the rapid spread of servo-hydraulic testingteyns that allowed variable amplitude testing aé age
high strain constant amplitude testing. Since tatigrack initiation and growth ultimately leadsadure
of a structure or a component, researchers fouwatdght of great importance to study and undecsthe
mechanisms which govern fatigue and fracture. Rdraéd. [15] discovered that the stress intensityge,
AK, was the basic driving force for fatigue crackwgtio. Later, a significant amount of research was
allocated to understanding the discrete natureraxkcinitiation and propagation. Lindstedt et dl6]
studied the nucleation and the propagation of ssuafice cracks during non-impact low cycle fatigue
a stainless steel. They found that small crackdgmmenately nucleate at the surface of the speciwiean
it is cyclically strained. Crack nucleation waset#éd at roughly 10% of the fatigue life and preckd
until about half of the fatigue life. Hunter et §l7] found that near the material’s fatigue lirmbst of
the fatigue life is spent in the initiation of tieeack, while in low cycle fatigue the initiation noed is
short compared to the propagation period which womes most of the fatigue life.



1.2.1 Fatigue Crack Growth: Short Cracks

The anomalous growth of short fatigue cracks west fieported by Pearson [18] who tested
commercial aluminum alloys in the form of platesl axtruded bars under bending and concluded that
linear elastic fracture mechanics could not be ueetbrrelate the growth rate of short cracks &t tf
long cracks. Since then numerous investigators heperted that the growth rates of short cracks are
significantly faster than those of long cracks unifhe same nominal stress intensity factor rand€) (
[19]. Short crack propagation is dominated by atietly large cyclic crack tip plasticity that altethe
stress field ahead of a fatigue crack [7]. Thisawidbur of a short crack is seriously underestimdtgd
classical linear fracture mechanics. However anatraoy to this understanding, Sadananda et al. [20]
proposed that short cracks grow under a total fomesisting of both internal stresses generatateat
crack tip field, and the external applied stresdastheir model they explained that the plasticity
originating from the crack tip does not contribtaats closure and concluded that closure eithesdd
exist or is insignificant. Instead they proposed prarameters as being the driving forces for adungne
fatigue crack, the stress intensity rangé, and the maximum stress intensky,ax

In the proposed model, crack growth rate®/diN, wherea is the crack length anM is the
number of cycles, can be predicted by developifdpédN relation withAK andK,,«in terms of a power

law in the form of:

[d%N} = A(AK = AKp ) (AK oy = AK 1) ™ (Eq. 1.1)

where AKy, and AK, ,are the two critical thresholddK ., is the maximum stress intensity range, And

n, andm are material dependent constants.

Navarro et al. [21] promoted a micromechanical nhéad@wn as the Navarro-Rios (NR) model
which describes micro-structural sensitive craappgation. The model describes the decrease intigrow
rate for a crack approaching a grain boundary,aswl the eventual crack acceleration as the plastie
spreads into neighbouring grains. The crack tipldieement changes in value in an oscillatory manner
every time the crack approaches a grain bounddmy.hindrance to the transfer of plasticity betwien
grains is included in the model by a numericaldaethich takes into account the mismatch of the sli

system at the grain boundary. The crack growth temuavas given by:

[d%N} =Tt (Eq. 1.2)



where a is the crack lengthN is the number of cycles, the factok, represents the degree of
irreversibility of slip during each stress cycledazan be equated to the fraction of the dislocatiwhich
are drawn into the crack during each reversalreEstcycle, ang, is the crack tip displacement.

Hobson [22] proposed a model based on a graindasyreffect. He used a statistical approach
to accommodate the factor describing this effed proposed equations for micro-structurally and

physically short crack growth. His micro-structlyadhort crack equation was given in the form:
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whereN is the number of cycleg;, is a material constant for the short crack regaris the surface
crack length, and represents the distance to the first micro-strattioarrier affecting crack growth. On
the other hand, crack growth behaviour at lengtfeatgr than the lengtl was expressed by the

following equation:

d
[ %N} =G, =D, (Eq. 1.4)

WhereC; is a material constant and is a function of thesststrainas is the surface crack length, abg
represents the crack growth threshold.
Abdel Raouf et al. [23] developed a model basedwface strain localization and the reduced

closure stress of short cracks. Their model f@istintensity factor was given as follows:
AKe = FEAEQ .~/ Ta (Eg. 1.5)

Q. =1-qge“® (Eq. 1.6)
Where, AK | is the strain intensity factor randejs a geometry factok is the modulus of elasticity &

is the local strain in the vicinity of the cracp,tiQ, is the strain concentration facterjs the crack depth

measured from the free surfaggs a material constant, amalis a material parameter which is an inverse
function of the grain size.

El Haddad [24] proposed a modified elastic andtielgdastic fracture mechanics solution to
predict the growth of short fatigue cracks. Fosetamaterial behaviour, the elastic stress intgractor,

AK, of a short crack having a lengthwas given by the following expression:



AK =FAS|/m(a+ g) (Eq. 1.7)
where ASis the applied nominal stress ran@g,is a constant for a given material and materiabd@n

and F is a geometry dependent constdntplastically strained smooth and notched speceéparstrain

based intensity factor was used. Rewriting Eqiritérms of strains gives:

AK =FEAe/m(a+ &) (Eq. 1.8)

whereA ¢ is the nominal or local applied strains.

McEvily et al. [25] proposed a constitutive equatifor the crack growth rate that takes into
account the elastic-plastic nature of fatigue crgrckwth, the endurance limit as the controllingtéador
extremely short crack propagation, and finally ¢hasure in the wake of the crack that is a functibits

length. The equation proposed in their analysisiwaise following form:
_ 2 AK
[d dN} = A(DKeft — DKt {“Wj (Eq. 1.9)
C max
wherea is the fatigue crack lengtN is the number of load cycles,is a material constanf\K  is the

effective range of the stress intensity factor gitg:

AKeff = Kmax - Kop for Kop > Kmin (Eq 110)

MK, =K, —K

max min for Kop < Kmin (Eq 111)
whereKnay Kminn andKop are the stress intensity factors for the maximumjmum and opening stresses
respectively AKqm, is the effective range of the stress intensitydiaat the threshold leveliK is the

stress intensity range factor, afgis the fracture toughness.



1.2.2 Fatigue Crack Growth: Long Cracks

Long crack fatigue growth can be described by thear elastic fracture mechanics approach
which is based on the application of the theorglakticity to bodies containing cracks or defectere
small displacements and a general linearity betvtleeistresses and strains exist.

Irwin [26] showed that the stress ahead of a ctickould be expressed in terms of the stress
intensity factor,K, which depends on the loading condition, crack saack shape, and geometric

boundaries, with the general form given by:

K = f(g)o/ma (Eq. 1.12)

where g is the remote stress applieti(g) is a geometric shape factor, amit the crack length.

Paris et al. [15] proposed the following equatioat has been shown to apply to the intermediate

AK range shown in Figure 1.2:

[d dN} =C(K)" (Eq. 1.13

whereC andm are material constants,is the crack length\ isthe number of cycles atK is the stress

intensity factor range which is equal to the difece between the maximum and minimum stress
intensity factors4K = Knyax- Kmin)-

A plot of log[da/dN] versus logiK gives a sigmoidal curve (Figure 1.2). As showndbueve is
divided into three regions. In regi@y the cracking behaviour is associated with thriesftKy,) effects.
In regionB the curve is essentially linear. Finally in regi@nat highAK values, crack growth rates are
extremely high and little fatigue life is involveiany structures operate in regi@&p and most of the
linear elastic fracture mechanics approaches weveldped for this region. Under constant amplitude

loading the crack growth life in terms of cycledadure can be described by:

v._,m

whereN; is the number of cycles to failura,is the initial crack length, ara is the final crack length.
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Figure 1.2 Crack growth rate [da/dN] versus the stress intensity range factosK on a log-log scale

Mikheevskiy et al. [27] modified the “Uni-Grow” figue crack growth model originally proposed
by Noroozi et al. [28] based on an analysis of a@lastic-plastic stress-strain behaviour in the lctiz

region. The fatigue crack growth expression wasmin the form of:

1-p\M
[d dN] = C( Krﬁaxlot Ktotp) (Eq. 1.13)

whereC is a fatigue crack growth rate constgnis a driving force constarastort IS the total maximum
stress intensity factor, ard, is the summation of the maximum applied stresmnsity factor and the

residual stress intensity factor.



1.3 Fatigue Crack Closure

Since its discovery by Elber [29] in 1971, fatigerack closure has been widely accepted as a
significant mechanism affecting the crack growttndgour of fatigue cracks, particularly in metallic
materials. Fatigue crack closure involves the ptareacontact and consequent wedging of the crack
faces during the unloading portion of a fatigueleyat a load above the minimum load [30]. Elber [4]
assumed the crack to be fully open or partiallysetbat positive minimum stresses because of ausurpl
of plastic deformation in the wake of the crack.fdeher introduced the concept of crack openimgsst
(Sp), the stress at which the crack becomes fully pples effective stress rangelSs), which is the
difference between the maximum applied str&gs)(and the crack opening stre$.\ (AS« = Snax-

Sp), and the effective stress intensity rang#ef ) (4Kes = FAS/ma ) shown in Figure 1.3. It is now
generally understood that crack closure can ocodleu tensile loading by a variety of mechanisms
discussed by Ritchie and Suresh [31]:

* Residual stress (plastic deformation) in the wdilih® crack.

* Mismatch and roughness of separated crack surfaces.

* Crack surface oxidation and an asymmetric crack. pat

One of the extensively studied mechanisms is giasinduced closure. Even for this case, it has no
been clearly established whether closure is cabgea band of stretched material in the wake of the
growing crack, or by the compressive residual segshead of the crack tip due to slip irreveigitiib].
McEvily [32] has reviewed the relative importandeseveral closure mechanisms and concluded that the
effect of plasticity induced closure on crack grovis not as important as previously thought, except
during overloads.

Figure 1.3 represents the different definitionshaf stress intensity factors and ranges:
Kmax IS the maximum stress intensity factor in a logde.
Kmin: IS the minimum stress intensity factor in a lagdle.
Kin: is the threshold stress intensity factor.
Kop: is the crack opening stress intensity factor.
AK: is the stress intensity factor range in a loadeWK = Kyax— Knin).
AKy: is the threshold stress intensity factor rany€n(= Ky, — Knin)-
AK,: is the crack closure stress intensity factor eadél = Kop — Knin).
AK;: is the intrinsic stress intensity factor rang&i(= AKy, — Kop).

AK': is the crack driving stress intensity factor K = K nax— Kin).
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MK is the effective stress intensity factor ranga ilvad cycle AKes = Kmax— Kop), and AKer = AK; +
AK)).

AKeff AK*

R Kin
/ \ a
v__ ¥ .

AKc|

Stress Intensity Factor K (MPa(m) 1/2)

Time

Figure 1.3 Definition of various stress intensity factorand ranges

1.4 Measuring Crack Closure

Several methods have been proposed to measureatheapening stres&y). Since closure may
involve contact of the two sides of the crack @bt beneath the observed surface plane, thetanly
direct methods for observing closure are those ldapaf seeing beneath the crack surface and they
include:

a) A confocal scanning laser microscope raster thatsa laser beam across a stationary specimen.
The laser microscope produces images of specimging weflected light, photoluminescence,
and optical beam induced current.

b) Direct observations of the crack tip by using ariiagh microscope of high magnification.
Observations on the crack tip profile can also badenwith the replica technique and
photogrammetry. However, these latter techniquesrare time consuming than the former.

c) Compliance measurements that are essentially basedneasuring the variation of the
compliance with an increasing crack length. Suclhows are used for automatic crack growth
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measurements. As an example, a clip gauge may batatat the center line of a center cracked
specimen, or the load line of a compact tensiomispn. The clip gauge will provide readings
with every crack growth increment, however careusthde taken if the clip gage location is too

close to the crack tip as the readings could lectdtl by the crack tip plasticity.

1.5 Fatigue Crack Closure in the Near-Threshold Reg ime

Lawson et al. [33] defined two thresholds that emerently used in fatigue. One is the fatigue
crack propagation threshold which defines the stiagensity load under which cracks will not grow
significantly. The second one is the fatigue limtich defines a loading criterion under which fatg
cracks that form will not propagate. Crack closwees found to play a significant role in influencitige
kinetics of near-threshold crack propagation [B8rticularly, the effects of microstructure, enwinzent,
loading condition, and crack size on the ratesear+ihreshold crack growth can be correlated wigh t
development of crack closure. For many years fie&sstic fracture mechanics (LEFM) has been used t
describe how cracks propagate. The approach islesmpor long cracks, since in the absence of
overloads, crack tip plasticity is limited in neareshold fatigue; LEFM provided the tool of choioe
describing near-threshold crack propagation. Yalef35] concluded that the measured thresholdstre
intensity factor rangelKy,, is composed of two parts: the intrinsic stressrigity rangelK; and the crack
opening stress intensity,,. When the stress ratio is high and the crack aowesiress is below the
minimum stress the measured threshold stress ityteasge isAKy, equal todK;. Several factors may
affect near-threshold crack propagation and thelpde:

» Effect of yield strengthRitchie et al. [30] collected data for steels gohotted threshold stress
intensity vs. yield stress. They noted that theas & negative slope; higher yield stresses led to
lower thresholds. They attributed this effect tatogen embrittlement where the tensile stress
field attracted hydrogen to the crack tip, thus keeéng the metal. Other explanations for the
reduction of the threshold stress intensity ramgstéels with increasing strength have been given
based on the idea of a sharper crack tip.

» Effect of grain sizeTopper et al. [36] concluded that microstructues la great effect on the
fatigue thresholds. Grain size effects are notrelgtseparable from yield stress effects due to the
Hall-Petch relation which sets the yield stresbeing inversely proportional to the square root of
grain size [33]. Taira et al. [37] examined thevgito rates of short cracks and concluded that the
rate decreases significantly when the size of thstip zone is approximately equal to the grain
size. Other models [38] argued that smaller grallewv slip bands to reach the grain boundaries

at lower stress intensities thus reducing the tiolelsand increasing the speed of propagation.
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» Effect of stress ratioto provide a physical explanation for stress rafilects, crack closure is
usually cited. As defined previously, crack closigréhe premature closure of a crack due to the
presence of an obstacle within it such as mighiltéom plastic deformation, oxides, or metal
particles. Crack closure reduces the open patteo§tress intensity range as it is seen at th& crac
tip by limiting the range of relative motion of th&o fracture surfaces of a crack [33].

» Another aspect of crack closure is thegtial crack closure phenomenoBowles et al. [39] found
that cracks close but not all the way to the ctggkWhen a fatigue crack closes, a region near
the crack tip stays open even under the minimum. Ilbados et al. [40] proposed a partial closure
model forAKs in the form of:

2
AKegt = Kmax_]__[Kop (Eq.4)1

whereAKg is the effective stress intensity factor rang.« is the maximum applied stress intensity

factor, andK,, is the crack opening stress intensity factor.

1.6 Fatigue Crack Closure in Constant and Variable = Amplitude Loading

For many years constant amplitude data obtainech fsmooth specimens has been used to
evaluate the fatigue life of components. Unfortehasuch data turned out to be unreliable and non-
conservative for predicting variable amplitude dag behaviour for both smooth laboratory specimens
and components in service. Due to the random natuvariable amplitude loading, modeling the crack
growth in structures under such circumstancexm@plex subject. Over the past three decades aemumb
of load interaction models have been developedtrelate fatigue crack growth rates and predicticra
growth under variable amplitude loading. It is nesll documented in the literature that crack growth
under variable amplitude loading can be partly aixgd through changes in fatigue crack closure and
crack opening stress.

In constant amplitude fatigue loading, the cracleropg stress after being reduced by an
underload (compressive overload) increases tot#ady state level in an approximately exponential
manner. This behaviour was reported in the worMisfakawa et al. [41]. Several techniques have been
employed to quantify the crack opening stress undestant amplitude loading.

DuQuesnay et al. [42] proposed an empirical moalelife steady state crack opening str8ss,

under constant amplitude loading that has the form:
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o

Sopss= € Tmax 1_[%J +@ O min (Eq. 1.15)
y

whereoma andop,, are the nominal maximum and minimum stressessmaoth specimen, or the local

maximum and minimum stresses at the notch root motahed specimen respectivedy.is a material

constantd and gare two experimentally determined constants foheaaterial obtained by measuring

crack opening stresses.

1.6.1 Effect of Tensile Overloads

The effect of an overload to a stress level less thne half of the yield limit has often been
described by examining a crack subjected to cohstemplitude cyclic loading with a superimposed
overload cycle [5]. Two observable facts are attell to the application of tensile overloads. Atpos
overload increase in crack closure level and cogokvth retardation occurs when the applied overisad
less than about one half the yield stress of theemiah However an overload of value greater thaa o

half the yield stress of the material will tendd&crease the closure level and accelerate cragklgro

1.6.2 Effect of Tensile Overloads Less than One Hal f of the Yield Strength

In the low stress region Ellyin and Wu [43] fouéit an overload ratio of 1.5 causes a three-fold
increase in the plastic zone size ahead of thekciakabe et al. [44] showed that the rate of fatig
crack growth following a single tensile overloadcmntrolled by the contraction of the material re t
overload plastic zone ahead of the crack tip. Temsierloads in constant amplitude loading increhse
monotonic plastic zone size by stretching the ntexhead of the crack tip. As the fatigue crack
penetrates the overload plastic zone, the crackuodolevel increases reducing the effective stress
intensity factor rangedKes, and results in a lower crack growth rate. Khatilal. [45] found that an
increase in crack closure level after an overload @ subsequent retardation of the crack growthirocc
when the applied overload is less than approximatee half of the yield stress of the material. pep
and Yu [36] studied the effect of constant ampktudading proceeded by three repeated tensile
overloads on a centre notched specimen of anneaddel 1010 steel. The tensile overloads caused

significant crack growth retardation and could eaemest crack growth.
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Kim and Tai [46] showed that crack growth retarolatafter an overload is most effective for low
stress intensity ranges and high overload ratioskdtle et al. [44] in their study of stress ratifees
noticed that when the stress ratio was equal to, 28e usual delayed retardation of the crack gnowt
following an overload was observed. On the othamdhavhen a negative stress ratio was applied,
acceleration in the rate of the crack growth oadifter applying the overload. Ward-Close et4i] [
studied the effect of a single overload on craadwgh rate in IMI 550 titanium alloy. They concluded
that upon applying the overload, blunting of thacr tip occurs and an initial increase in the crack
growth rate is observed. However, a significananddtion of the crack growth then occurs as thekcra
grows into the overload plastic zone in which tbenpressive residual stresses increase the crastrelo

level.

1.6.3 Effect of Tensile Overloads Greater than One  Half the Yield Strength

When fatigue cracks grow from notches the locadsstes at high load levels often approach or
exceed the yield stress. Jurcevic et al. [48] sulithhe fatigue behaviour of centre notched spedméa
2024-T351 aluminum alloy under periodic overloatigield stress magnitude followed by smaller stress
cycles. They found that the fatigue strength of tlméched specimens was drastically decreased by
periodic overloads and attributed this behaviouatoabsence of the crack closure. Dabayeh et . [4
showed that at the high stress levels associatddtié initiation and growth of cracks from notchoeth
tensile and compressive overloads typically caosallstresses of the order of the yield stresss&he
stresses cause a reduction in the crack closuet de an increase of the crack growth. Pompetzil. e
[50] investigated periodic tensile overloads ofigistress magnitude and found an accelerationtigfuia
damage. They proposed a damage model based on adostke concepts in which the crack opening

stress was reduced immediately following a higbsstroverload.

1.6.4 Effect of Compressive Underloads

It is known now that compressive underloads appli@ting a constant amplitude loading test can
have a marked effect on the subsequent crack patipagoehaviour. Skorupa [51] attributed the crack
growth acceleration after a single underload teratt residual stresses ahead of the crack tipad t
reduction of crack closure. Preloading in compiasgiives rise to a tensile residual stress fiela abtch
root thus producing a tensile stress intensitydiacinge,AK, locally within the tensile residual stress
zone and thus accelerating the crack growth ragkalde et al. [44] reported on the effect of an dode
on the crack opening stress level. They noticed imaediately following an underload the crack

opening stress level was reduced to a value near ater an additional crack growth increment & O
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mm, the crack opening level had risen and was diogbe level prior to the underload. Varvani and
Topper [52] showed that the application of an uluder in the absence of a prior overload mainly
contributes to the flattening of the asperitieshia crack wake that are responsible for roughnedseied
crack closure. Subsequently, this increases thectefé stress intensity factor and accelerateskcrac
propagation. Dabayeh et al. [49] investigated tfiece of compressive and intermittent compressive
underloads on an aluminum alloy and SAE 1045 sTdady found that after a compressive underload the
crack opening stress was reduced, they also noteichmediate decrease in the crack opening stress
following either a near-yield stress tensile or poassive underload. Yu et al. [53] reported resatishe
effect of compressive overloads on fatigue craakwin. They concluded that in compression-tension
tests the crack propagation rate increased andhtlkshold stress intensity decreased linearly \aith
increase in the magnitude of the compressive pieagss Makabe et al. [44] studied the effect ofiapg

an overload - underload sequence on the rate igiugatcrack growth. They noticed that an underload
partially undid the effects of the overload by adagseverse plastic flow and that the material caection

at the crack tip during the tensile overload wadlaged by bulging after the compressive overload.
Dabayeh et al. [49] examined the changes in craahning stress level after the application of adarg
near-yield stress level tensile-compressive overeale. They found that the overload lowered ttaek
opening stress level abruptly and that a large murob constant amplitude small cycles were needed t

return the opening stress to its steady state.level

1.7 Crack Opening Stress Build-Up

Dabayeh [54] proposed an empirical formula to $iteuthe build-up of crack opening stress
after an underload in terms of the ratio of théedénce between the instantaneous crack openiesssof
the small cycles,) in the loading block history and the post ovedlaaack opening stress levél,(,),
and the difference between the steady state crpeking stress of the small cycle€y () and the post

overload crack opening stress level:

(SOP B %pol) : a
(Sopss_ SopoD Y Exl{_t(%o.s) (Eq. 1.16)

where, b, anda are material constanthl, is the number of cycles following the overlodd,s is the

number of cycles following the overload at whicle thormalized recovered streS5,{Sp0) / (Sopss Sopol)
reaches 80% of its steady-state level. However liKétaal. [55] found that the application of Daledy

[54] formula to complex load histories was compiéth They suggested the use of a simpler model
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initially proposed by Vormwald and Seeger [56] @fhielates the change in the crack opening stneas i
given cycle to the difference between the curreatkc opening stres&.,, and the steady state crack

opening stres,pss in the form of:

ASpyp = M Spss~ (Eq. 1.17)

whereAS,, is the increase in crack opening stress durirgd tycle andnis a material constant.

1.8 Purpose and Objective of the Thesis

The significance of crack closure arises from thet that it is related to fatigue crack growth
under service loads, and until now most of the psed models in the literature do not provide
satisfactorily results to predict even qualitatyvéihe growth of fatigue cracks under variable atogk
loading. Fatigue life estimates for componentsesttied to variable amplitude service loading arealgu
based on the same constant amplitude strain-lita dsed for constant amplitude fatigue predictions.
Although the resulting fatigue life estimates acewaate for constant amplitude fatigue, they aveagb
non-conservative for the initiation and growth odaks in variable amplitude load histories. Sintylar
fatigue life predictions based on small crack gtoealculations for cracks growing from flaws in clogés
are non-conservative when constant amplitude cgrokvth data are used. These non-conservative
predictions have been shown to be due to severetieds in fatigue crack closure arising from large
(overload or underload) cycles in a typical senvazed history. Smaller load cycles following a langear
yield stress overload cycle experience a much lawack opening stress than that experienced by the
same cycles in the reference constant amplitudgutatests used to produce design data. This reduce
crack opening stress results in the crack remaiopen for a larger fraction of the stress-straidleynd
thus an increase in the effective portion of thhesst-strain cycle. The effective strain range iseased
and the fatigue damage for the small cycles istgréhan that calculated resulting in a non-coresiveg
fatigue life prediction.

The main thrust of this thesis is to:

1. Provide a better understanding of fatigue craclsuwi® behaviour in small cracks at the high
stress levels they experience while they are growinough notch stress fields.

2. Provide a better understanding of the underloadstlaa way they accelerate small crack growth
and damage.

3. Develop a test procedure to obtain data for cadning stress recovery to a steady state level
after underloads (and the associated crack clggmrameter) from smooth specimen tests.

4. Calibrate models to perform strain-life and smadlok growth fatigue analysis.
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5. Provide information concerning the way metal hasdnaffects the steady state crack closure
level, the rate of crack opening stress recoverg steady state level after an underload and the

average crack closure level in variable amplituatigtie.

To be accepted for use in industry a fatigue depigeedure, the fatigue analysis model and the
data needed for its implementation have to be shimwgive accurate predictions in tests that closely
model in-service conditions. In addition the analysodels should be easy to use and the fatigue dat
required should come from inexpensive tests. Pealithat accurate data for crack opening stress
recovery after an underload are successfully géseriiom the proposed smooth specimen underload
fatigue tests, all the data needed to implemenfdtigue analysis model can be obtained from smooth
specimen tests at similar cost to that requiredeierate the currently used constant amplitudguati
data. After making a few changes to the crack ecmsmodel to improve the manner in which it
determines the cycles for which the crack openingss should be increased (it will not increaseafor
cycle in which no crack growth takes place) the elquhrameters are calibrated using data generated
from smooth specimen tests. The model is then irsstrain-life and crack growth analyses to predict
fatigue lives of specimens subjected to two SAEdIdastories that are used as standards in the
automotive industry. Test samples included a smsp#dtimen used to examine strain-life predictions
and a notched specimen with a flaw in the notch used to examine predictions made using shorkcrac

fracture mechanics.

1.9 Outline of the Thesis

» Chapter 2provides a description of the two models usedis thesis to predict fatigue lives under

variable amplitude loading; the effective strafie-curve model and the fatigue crack growth model.

* Chapter 3describes the materials used in this study, timgichanical properties, the experimental

program, the apparatus used, and the test tectmique

» Chapter 4examines the experimental and the theoreticalteefar Dual Phase 590 steel. Underload
fatigue data, measured steady state crack opetiegses and crack opening stress build-up under
three stress ratios, the results of damage tesdtshancalibrated closure constant’used to predict
the crack opening stress build-up, and crack graatbs are also presented in this chapter. Finally
the predicted fatigue lives using the effectivaistiife model and the fatigue crack growth model a

compared with experimental results under two serldad histories.
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Chapter 5examines the experimental and the theoreticalltee$or SAE 1045 steel. Underload
fatigue data, measured steady state crack opetnegses and crack opening stress build-up under
three stress ratios, the results of damage testsha@ncalibrated closure constant’“used to predict

the crack opening stress build-up, and crack graatbs are also presented in this chapter. Finally
the predicted fatigue lives using the effectivaistiife model and the fatigue crack growth model a

compared with experimental results under two serload histories.

Chapter 6examines the experimental and the theoreticalltee$or AISI 8822 steel. Underload
fatigue data as well as steady state crack opestirgses are presented in this chapter. Restilte of
damage tests and the calibrated closure consténised to predict the crack opening stress build-up
are also provided in this chapter. Finally the poted fatigue lives using the effective strain-life

model are compared with the experimental fatigueslifor two service load histories.

Chapter 7discusses the outcomes of this investigation aonsiges a comparison of the results for

the three materials used.

Chapter 8provides the general conclusions of the thesisfatude recommendations.
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Chapter 2
Analytical Modeling

2.1 Introduction

The main objective of this thesis is to provide edtdr understanding of fatigue crack closure
behaviour in small cracks at the high stress lethedy experience while they are growing througlchot
stress fields, and the way in which compressiveedndds accelerate small crack growth and damage.
Another aim of this work is to develop a methodgl@amd a test procedure to obtain the constantarfor
effective strain-life curve, an effective stresteirsity crack growth curve, an equation for crapkrong
stress recovery to a steady state level after loat#s, and the associated steady state crack elosur
parameter, all this from easily performed smootbcgpen fatigue underload tests rather than frone tim
consuming direct measurements of changes in smtijue crack closure stress. Two fatigue life
prediction models are adopted in this work; thedflre strain-life fatigue model and the effectiasigue

crack growth model.

2.2 Effective Strain-Life Fatigue Prediction Model

The usual analysis procedure for variable amplitiadigue calculates the fatigue damage based
on constant amplitude strain-controlled fatigudstes smooth specimens. The resulting predictioes a
typically non-conservative due to a load interactedfect in variable amplitude fatigue. Moreovevpt
investigations [57] and [58] have shown that forialale amplitude loading, experimental fatigue $ive
can be lower than the fatigue lives predicted usimigstant amplitude fatigue data by factors astgiea
10. The reason for this is that the large loadeyelhich cause local notch stresses of the ordgietaf
stress reduce the crack opening stress and inciteasdfective stress for subsequent smaller cybles
increasing their damage [59]. Important componefitthis model are the crack opening stresses and
strains. Once crack opening strains are availdbéegffective strain in a cycle can be calculatiedody
as the difference between the maximum strain aadcthck opening strain. However, measuring crack
opening stresses in order to calculate the craekiag strains at the high local stress levels dmts
crack lengths associated with the growth of crdclm stress raisers is time consuming and requires
equipment not found in many laboratories [49]. @h¢he aims of this thesis is to obtain the paramset
for the model with a minimum amount of testing effoy developing a new test procedure (Chapter 3,
Section 3.3.3.2) for modeling changes in crack omestress level and fatigue damage using dataetbri

from periodic underload fatigue tests of smoottcspens.
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2.2.1 Layout of the Effective Strain-Life Fatigue M odel

The components used to implement this model andigiréatigue lives under variable amplitude
loading are as follows:

1. Determination of the material properties (monotaand cyclic) through a series of monotonic

tension tests and fully reversed constant ampligicen controlled tests.

2. Calculation of the local stresses and strainsvaréable amplitude load history by following the
stress-strain history on a reversal by reversatbas
Rainflow cycle counting of the applied loading bistto determine the closed stress-strain loops.
Calculation of the crack opening stress®g) for each closed loop cycle in the loading history

Calculation of the effective strain rangesty) for each closed loop cycle in the loading history

Calculation of the damage of each closed loop dycthe loading history.

N o o M ow

Fatigue failure is predicted when the damage swanhes unity.

Figure 2.1 shows the algorithm for this model.
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Input Data

) ) Steady State Crack Opening and Effective Strain-Life Curve ) .
Material Properties Build-Up Stresses Constants, Constants Applied History
® Modulus of Elasticity, E °0 e Intrinsic Strain, Ag; * SAE Log Skidder History
e Cyclic Strength Coefficient, K' LR A * SAE Grapple Skidder History
e Cyclic Strain Hardening .0, b
Exponent, n' om °Eq.2.7
eEgs. 2.3and 2.4
Calculation of the Local Stresses and
— Strains
Rainflow Counting
(Determine Closed Loop Cycles)
Calculation of the Crack Opening, Sopr and
Build-Up Stresses, 4s,,
(Eg. 2.3 and Eq. 2.4)
Calculation of the Effective Strain Range,
Ay
(Eg.2.11)

Calculation of the Equivalent Number of
Cycles to Failure Using the Effective Strain
Range, Nf

(Eq. 2.12)

Calculation of the Damage (D) by Taking
the Recipricol of the Equivalent Number
of Cycles to Failure

Check

if5D<1

Repeat the Steps Above

Or if
5D=1

Failure is Predicted
(Eq. 2.12)

Figure 2.1 Algorithm for the effective strain-life model
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2.2.2 Determination of Material Properties

Monotonic and cyclic properties of the three matierused were determined through a series of
tension tests and fully reversed constant straiplitide tests. The results are summarized in Chépte
Sections 3.1.1, 3.1.2, and 3.1.3.

2.2.3 Calculation of the Local Stresses and Strains

The material's cyclic stress-strain curve and abtkul stress-strain curve were employed to

estimate the local stresses and strains for a doaghing history for the smooth specimens.

E:E{A_Jj%'

> = K (Eq. 2.1)
»
Ag = A—EU + Z[%j Double Stress-Strain Curve (Eq. 2.2)

where K’ is the cyclic strength coefficienty is the cyclic strain hardening exponent, g&ads the
modulus of elasticity. The three constants menticat®ove were obtained through a series of fatigsis t

under constant amplitude loading as explained iap@#r 3 section 3.3.2.

2.2.4 Rainflow Cycle Counting
The Rainflow Cycle Counting method described in AS3tandard No. E1049 [60] was used to

reduce the complex applied variable amplitude histao closed hysteresis loops with defined maxmu

and minimum stresses and strains.
2.2.5 Calculation of the Crack Opening Stresses

2.2.5.1 Crack Opening Stresses under Constant Ampli  tude Loading

Under constant amplitude loading, the cra&ning stress increases to a level and then remain
constant at this level which is referred to asdteady state crack opening stress. Figure 2.2idlesdhe
increase in crack opening stresses (in an expatemténner [41]) with crack length under constant
amplitude loading. After a short build up distarfecethis case the crack opening stress starts belew
steady state opening stress due to the applicafian compressive underload), the level of the crack

opening stress remains constant with further cgclin
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Several techniqgues have been employed to quartdysteady state crack opening stress under
constant amplitude loading. In this thesis two rodthwere used to obtain the steady state crackrapen
stresses:

1. Direct measurements of the steady state crack ngetiess (for 3 stress ratios*) through a series

of experimental tests described in Chapter 3 Se&i8.4.

2. Derivation of the steady state crack opening steassing the constant amplitude and the

effective strain-life curves as explained in Sett08.2 and in Appendix A.
The data obtained from the two previous methodsewesed to obtain the material constants in the
equation proposed by DuQuesnay et al. [42] (EQ.fBr3calculating the steady state crack openingsst

(Sps9 Under constant amplitude loading:

2

g,

Sopss = & Tmax 1‘(%} +@ O min (Eq. 2.3)
y

whereoma andomi, are the nominal maximum and minimum stressesstregss-strain cycle in a smooth
specimen, or the local maximum and minimum stresgeshe notch root in a notched specimen
respectively.o, is a material constané, and pare two experimentally determined constants foheac
material obtained by fitting Eq. 2.3 to either cddted (from the constant amplitude and the effecti

strain-life curves) or measured crack opening stdasa.

* The stress ratio is defined as the minimum stressa cycle divided by the maximum stress

(R s
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Steady State Crack Opening Stress
under Constant Amplitude
Loading

Stress

Crack Length

Figure 2.2 Steady state crack opening stress under constaamplitude loading

2.2.5.2 Crack Opening Stress Build-Up

For variable amplitude fatigue loading it is vempportant to take into account the load
interaction effect. There are abrupt crack closdeereases during large near yield stress cycles in
variable amplitude loading history. These largeleycesult in a greater effective stress range Kigpare
2.3) and therefore a greater damage for the foligvemaller cycles than there would be for cyclethen
constant amplitude reference tests used to protheeonventional strain-life fatigue data. In order

model the crack opening stress changes duringdinigpdistory, a crack opening stress build-up eignat
[56] and [1] was used:

ASop = %pss_ %l) (Eq. 2.4)

whereAS,; is the change in crack opening stre&gssis the steady state crack opening str&gsis the
current crack opening stress, ands a material constant obtained through a seriesxpérimental tests

described in Chapter 3 Section 3.3.3.2. This egnalescribes the recovery of the crack openingstre
after the application of an underload to its stestdye condition.
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2.2.6 The Effective Strain-Life Curve

The effective strain-life curve was generated tgioa series of underload fatigue tests described in

Chapter 3 Section 3.3.3.1. The effective straimifirve served several purposes including:
1. Fitting fatigue lives under a variable amplitudadong history (underload tests).
2. Calibrating the constants in Eq. 2.3.
3. Calculating the steady state crack opening straxfsgdesed loop cycles in a load history.
4. Calculating the fatigue damage of each closed tyafe in a load history.

5. Predicting the fatigue lives under variable amplitdoading.

2.2.6.1 Constructing the Effective Strain-Life Curv e

In order to construct the effective strain-life waira series of underload fatigue tests were
performed (Chapter 3, Section 3.3.3.1). The ainthe$e tests was to keep the crack opening strekes un
the minimum stress of the small cycles (see FiguB- Left) through the frequent application of a
compressive near yield limit underload so that veeil have fully effective small cycles free fronack
closure. The effective strain range (see Figurg 8.4he range of a strain for which a fatigue kréc
open during a cycle, and it is given as the difieezbetween the maximum strain and the greatdreof t
crack opening strain or the minimum strain in aley®revious work at Waterloo [61] introduced a

damage parameter given by:
EAs™ = Ede,, — E4e, (Eq. 2.5)

WhereE is the elastic modulus of elasticity aAd; is a material’s intrinsic fatigue limit strain g
below which a fully open crack will not cause faggdamage. The strain range* is the part of the

strain range which causes fatigue crack growthdamdage. This parameter was found to be relatdukto t

fatigue life by a power law [62]:
EAe" = A(N; )P (Eq. 2.6)

whereA andb are material constants determined from underlatigife tests.
TheEAs* vs. Ny and theEA &, vs. N curves were obtained by choosing a valu&sf; which made the
curve ofE As* values (calculated from Eq. 2.83.N; linear on logarithmic scalén this procesg e

was the strain range of the small cycles in an tode test. For curve fitting purposes, an addilaata
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point was added to the underload curve (based imn erperimental observations) by calculating the
effective strain range at a 2% total strain rangguming that the crack in the 2% strain range emst

amplitude test opens at one half the minimum s{#S}s After obtaining thé&e A<* range and the values

of Aandb in Eq. 2.6, the effective strain-life curve wasisucted using Eq. 2.7:

A
A& :E(N ) +Ag, (Eq. 2.7)

Nn=number of small cycles per block

\ 4

Smax underload]

Stress (MPa)

"""" Steady State Crack Opening Cycles
“““ Stress, S gpss

Crack Opening Stress, S op

Underload Crack
Opening Stress, S opuL

Smin underloadT

Figure 2.3 Crack opening stress build-up after underloadyxles in variable amplitude history

27



E Aégp =

Opening Strain Rang
Sop - Snin

a

Effective Strain Rang
Afeff =Ae- Afop ---------

A& = Emax ™ Emin

Figure 2.4 Definition of the effective and crack openingtgin ranges in a stress-strain loop cycle
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2.2.6.2 Using the Effective Strain-Life Curve to Ca Iculate the Steady State Crack Opening
Stresses

The constant amplitude and effective strain-lifeves were used to calculate the steady state
crack opening stresses. The data obtained wasueghto obtain the constants in DuQuesnay’s equatio
(Eg. 2.3). The difference between the strain raaga given fatigue life in a fully reversed constan

amplitude fatigue life curved cca, and that in the effective strain-life curve agigen fatigue life A e,
given in Eq. 2.8 is equal to the difference betwt#enconstant amplitude test minimum straip;, and

the estimated crack opening strai,, in the constant amplitude stress-strain loop [Sgere 2.4).

S - S.
Afcp—DE = € op~ €min :%%"n (Eg. 2.8)

Therefore the estimated constant amplitude stetatg srack opening stres§9 can be written as
follows:

Sopss™ Snin T BAE ca= A€ ) (Eg. 2.9)
The values ofS,,ss were then used to obtain the constants in thetiequéor the steady state crack
opening stress under constant amplitude loadinggs®d by DuQuesnay et al. [42] by fitting Eq. 23 t
the data obtained from Eq. 2.9.

Constant amplitude strain-life curve
— — — Effective strain-life curve

The difference between the constant
amplitude strain-life curve and the
effective strain-life curve

)
14

Strain

(S - Smin)

_ — — _ op
A"FCA A‘Eeff_‘gop Emin = E

—_— —
—
— —,

Number of Cycles

Figure 2.5 The difference between the constant amplitudend the effective strain range
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2.2.7 Fatigue Damage Calculation

DuQuesnay [63]proposed a model to calculate the damage done &)l sycles following an

underload based on the effective strain rangeisimiodel several assumptions were made:

*  Crack growth and damage occur during the portioa oycle during which the effective strain
range is above an intrinsic threshold value.

» Large “underload” cycles immediately decrease ffectve stress range and thereby increase the
damage done by subsequent smaller cycles.

* Small cycles have a negligible effect on the damdgee by underload cycles and the small
cycles large enough to do fatigue damage causeffibetive stress range to decrease towards the
steady state level.

DuQuesnay [63] applied Miner's damage summatiom feeriodic underload history consisting of

blocks of one underload followed by varying humbefsmaller constant amplitude smaller cycles to

obtain:
1=) Do + ) Dgs (At failure) (Eq. 2.10)

WhereDg, is the damage due to the underloads, ads the damage due to the small cycles. In this
investigation DuQuesnay’'s damage model and thectéfée strain-life curve were used instead of the
traditional constant amplitude strain-life curvenmake fatigue life predictions. The damage for eley
was obtained by entering the effective strain it effective strain-life curve and setting the dgm
equal to the reciprocal of the number of cyclefatlure. Failure was predicted when the value ohdge

reached unity.

2.2.8 Fatigue Life Predictions for Service Load His  tories

Two types of loading history were used to investgthe fatigue lives under variable amplitude
loading; the SAE Grapple Skidder History, and tid&S og Skidder History. Each applied history was
scaled to give different maximum stress rangesveas then applied to smooth specimens under stress

control.
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In performing the fatigue life calculations theléaling steps were used:

1. The local stresses and strains in a specimen vadralated for the applied load history.

2.

3.

Rainflow counting was used to obtain the closeg Istness-strain cycles for the load history.

For the first closed loop cycle, the value of tlteady state crack opening streSs,{) was

calculated using Eq. 2.3.

For other closed loop cycle that followed, the krapening stressy{;) was calculated based on the

following assumptions:

Using Eg. 2.3, the crack opening stress levels weoeleled assuming that the crack
opening stress for a given cycle instantaneoustyedesed to the constant amplitude steady
state level for that cycle if this steady stateckrapening stressS(,sJ was lower than the

current opening stres&().

If the steady state crack opening stre}s.d was greater than the current opening stress
(&), the crack opening stress of that cycle followdd exponential build up formula of
Eq. 2.4 unless the range of stress in that cyck lvedow the intrinsic stress range, or the
maximum stress in that cycle was below zero in tidase it didn't change because the
crack would not advance to change the crack opestiegs ( these cycles for which there

was no crack growth were not used in calculativegdrack opening stress build up).

If the above condition did not apply, the crack mipg stress increment calculated using

Eq. 2.4 was added to the current level to giveoiening stress at the end of the cycle.
This procedure was repeated for each cycle inahe history.

In summary, Eq. 2.3 together with Eq. 2.4 were usechlculate the crack opening stress
levels for a cycle. If the stress level obtaineahfrEq. 2.3 was below the current stress
level, the crack opening stress was lowered tac#heulated level. If the level was higher,

the crack opening stress was increased by the amgowmn by Eq. 2.4

5. After obtaining the crack opening stress of a gyttle effective strain range was calculated using

the following equation:
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ANegts = AeCA—Agop
= (Eq. 2.11)
Sop = Shin
Aeip = AgCA_(pT
6. The effective strain range obtained from the presistep was then used to calculate the damage of
the cycle using the effective strain-life curve:
» First, the equivalent number of cycles were obthiyg rearranging Eq. 2.7 into:
1/b
E(Agsss — A
. :(MJ (Eq. 2.12)
A
 The damage of the cycle was calculated by takiegéiciprocal of the equivalent number
of cycles obtained using Eq. 2.12.
7. Steps 1 through 6 were applied to each closed d¢yofe in the load history and the damage was

summed. Failure was predicted when the summatioineoflamage reached unity.

2.3 Fatigue Crack Growth Model

The prediction of fatigue life using a strain badeatture mechanics approach together with
models of crack closure was shown to yield accuredelts for elastic and inelastic propagation athb
short and long cracks under variable amplitudeifgpafb4]. The two fundamental pieces of materigbda
required for this type of analysis when appliechtdched components are the closure-free crack growt
rates (See Chapter 3, Section 3.3.5 for closueedrack growth rate tests) vs. stress intensitypfaange
data, and crack opening stress vs. maximum andmmini stress data obtained from DuQuesnay’s
equation (Eq. 2.3) calibrated using directly meadwrack opening stress data or data obtained tlhem

constant amplitude and the effective strain-lifeves (Section 2.2.6.2).
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2.4 Layout of the Fatigue Crack Growth Model

The components used to implement the fatigue cgactwth model and predict fatigue lives under
variable amplitude loading were as follows:

1. Determination of the material properties (monotasnd cyclic) through a series of monotonic

tension tests and fully reversed constant amplitades.

2. Calculation of the local stresses and strains Wpviing the stress-strain history due to the
applied load history on a reversal by reversaldasi
Rainflow cycle counting of the applied loading bistto determine the closed stress-strain loops.
Calculation of the crack opening stresses for edmded loop cycle in the loading history.
Calculation of the effective strain range for ealidsed loop cycle in the loading history.
Calculation of the effective strain intensity facto

Calculation of the crack increments and the tatatk length.

© N o 0 b~ w

Fatigue failure was predicted when the maximunsstietensity exceeded the fracture toughness

or if the crack length exceeded half the specimetihw

Figure 2.6 shows the algorithm for this model.
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Input Data

Specimen . ) Crack Opening . Crack Growth Eq. . )
Geomatry Material Properties Stresses Initial Crack Length Constants Applied History
* Notch Radius * Modulus of °0 eaq, . lntrins{c Stress « SAE Log Skidder
« Specimen Length Elasticity 03 *EFq.2.18 Intensity History
* Speciemn Width * Cyclic Strength .S, Range, AK; « SAE Grapple
Coefficient, K' om *C Skidder History
o Cyclic Strain Egs. 2.3 and 2.4 em
Hardening ®Eq. 2.20

Exponent, n'

> Calculation of the Local Stresses and

Strains using Neuber's Rule and K|,

Rainflow Counting

(Determine Closed Loop Cycles)

Calculation of the Crack Opening, S,
and Build-Up Stresses, 4S,,,

(Eg. 2.3 and Eq. 2.4)

Calculation of the Effective Strain
Range

(Eq. 2.11)

Calculation of the Effective Stress Intensity

Range,
AK 4 (Eq. 2.17)

Check
if AK < K,
and /or
a < Half Specimen Width

If Yes
Update:
Crack Length, a, and K,
Repeat the Steps Above

If No
Fatigue Life Predictions
(Eq. 2.21)

Figure 2.6 Algorithm for the crack growth model
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2.4.1 Determination of Material Properties

Monotonic and cyclic properties of the three matierused were determined through a series of
tension tests and fully reversed constant ampligid&n controlled tests. The results are summdrize
Chapter 3 Sections 3.1.1, 3.1.2, and 3.1.3.

2.4.2 Calculation of the Local Stresses and Strains

Neuber’s rule and the material’s cyclic stressisturve were employed to estimate the local
stresses and strains at the notch root for a doamh history. Neuber’s rule states that the geamatean
of the stress and strain concentration factorsjimkto the elastic stress concentration fakt@Eq. 2.13)

during plastic deformation.

ke =K K, (Eq. 2.13)

El Haddad and Topper [24] suggested the use akasstoncentration factég (Eq. 2.14) for a
short crack emanating from a notch root to caleuditess intensity factors during the initial growf a

crack in a notch.

_ c 0
w7y 2(p/2+a>(1+ 20/ 2+ a)](lﬂ/ alple) (Eq. 2.14)

wherec is the notch radiug, is the radius of curvature amds the crack length measured from the edge

of the notch. For a circular notch, the teEm+% ﬁj is constant and is equal kg2, andp is equal to

c

c. Then Eq. 2.14 takes the form:

_k c /2
“p T2\ 2(c/2+a) [H (¢ 2+ a)j (Eql8)

For long cracks, it was assumed that the totalkclaxegth is equal to the crack lengilplus the notch

radiusc and the value df, was taken as follows:

fa+c
k, = 3 (Eg. 2.16)

The value ok, was then used together with the Ramberg-Osgoaditsteess-strain curve (Eg. 2.2) and

Neuber’s rule to obtain the local stresses andhstia the region around the crack tip for bothsttaand

inelastic conditions.
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2.4.3 Calculation of the Effective Strain Based In  tensity Factor

Elber [29] introduced the concept of an effectiestf a stress cycle during which a crack was
open as the portion of the cycle contributing tackrgrowth. El Haddad et al. [24] developed a strai
based intensify factor that accounted for the iaseel strains experienced by small cracks growing
through the first few grains of a metal to describe growth of short fatigue cracks in terms of an

effective strain range. Their expression is giverEl. 2.17 and was adopted in this model:

DKot = FEAE g4/ TT(Ap+ @) qR.17)

WhereF is a geometric factoE is the modulus of elasticityl e is the effective strain range obtained

by subtracting the crack opening strain of a cyaben the total strain range (See Eq. 2.11), ands a
fictitious initial crack length given by Eq. 2.1Bl Haddad et al. [24] also showed that the thresbtkss
intensity factor and, were dependent on grain size. They introducedffectve initial crack lengtha,
into their descriptions of stress intensity fadtmrshort cracks. As the crack length decreaseslethgth

a, constituted an increasing fraction of the effextigngth until at zero length it represented thaclkcr
length at which the fatigue limit stress intensitggs equal to the threshold stress intensity anctura
mechanics would predict that a crack would propagab the interior of the specimen. The valuepf
was obtained by assuming that the threshold streésasity range at a very short crack length would

approach the threshold stress intensity of the mahi@Ky,) at a strain equal to the intrinsic fatigue limit
(4&) so thata, took the following form:
2
_[ BKpy | 1
FEAé‘i T (Eq. 2.18)
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2.4 .4 Effective Fatigue Crack Growth Curve and Fati  gue Life Predictions

As mentioned earlier Paris et al. [15] proposedditigue crack propagation law:

da m
—=C(AK Eqg. 2.19
dN (BK) (Eqg )

where da/dN is the change in crack length per cycle, &dand m are material constants. In this

investigation the effective crack growth rate cunwas used to predict fatigue lives:

%:C(AKeﬁ -AK;)™ (Eq. 2.20)
dN

where AK; is the intrinsic stress intensity rangg€,and m are two material constants. Fatigue life
predictions were carried out by a numerical intégraalong the closure free crack growth curve leeny
the initial and final crack lengthg and aas follows:

af

Nt = | da/ OB Kegr —AK)™ (Eq. D)2
3

2.4.5 Deriving the Closure Free Crack Growth Curve

Elber [29] proposed that when the crack growthe naas plotted against the effective stress
intensity factor, the crack growth rate for alless ratios could be represented by a single ciitve.
derivation of the closure free crack growth curé.(2.20) from the effective strain-life curve was
treated as an inverse problem by choosing a cremktly curve that predicted the observed fatiguedliv
which were taken as the number of cycles requbegtaw the crack using Eq. 2.17. From a large bafdy
experimental threshold measurements completed tierMi65] and data from others [66] the values of
AK; were observed to be grouped tightly in the rangfeveen 2.5 to 3.0 MPa'fhfor a variety of steels
and at about 1 MPa'fhfor a variety of aluminum alloys.

Referring to Figure 2.7, the following steps wesedito construct the closure free crack growtheurv
* An initial value of the slopenin Eq. 2.20 was set to 2 as suggested by [67].
» The log-log linear portion of McEvily’s representat of the crack growth rate curve [25],

da/dN vs.AK* (Eq. 2.23), was derived from the log-log lineartjmm of the effective

strain-life curve EA <* vs. N-.
» For the first trial in calculating the fatigue lig¢ a low strain leveEA <* 1, the crack growth

rate in Eq. 2.20 for the first cycle was the crgodwth rate corresponding to the value of

AK*; when the initial crack lengtla,, in Eq. 2.18 was set to zero.
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Taking the value of the slopm as 2, and th@K; as 2.5 MPa 1f, the constan€C was
obtained from Eqg. 2.20

Repeated trials were used to calculate the fatifpiéor the strainEA <*;.

If the calculated life was greater thBlp;, then the crack growth ratea/dN estimated in
the previous step was too low, and so was increbgddcreasing the consta6tin Eq.
2.20.

If the calculated fatigue life was less tHdg, the constan€ was decreased. This step was
repeated until the calculated fatigue life matcNed

The estimate of the slopein Eq. 2.20 was then refined by calculating thegta life at a
high strain levelEA £*, in Figure 2.7.

If the calculated life was greater thi,, the slopem was increased above the assumed
value of 2 to increase the crack growth rate.

If the calculated fatigue life was less thidg, the slopem was decreased. This step was

repeated until the calculated fatigue life matcNeg
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Chapter 3

Materials and Experimental Methods

3.1 Materials

The materials used in this investigation are dirdse DP 590 steel, SAE 1045 medium carbon
steel, and AISI 8822 carburized case steel. DPSE&€ belongs to the family of advanced high stifeng
steels (AHSS) that has been introduced and gradwalbpted in vehicle structures as lightweight
materials. In general AHSS exhibit higher ultimateength than the previously used low carbon steels
and therefore thinner sections can be used in leebanstruction to result in same or better quadityhe
final part while reducing the weight. SAE 1045 $teeused extensively by all industry sectors for
applications requiring more strength and wear tasce than the low carbon mild steels can provitle w
typical applications including: axles, bolts, coaieg rods, hydraulic clamps and rams, shafts, and
spindles. AISI 8822 is a nickel-chromium-molybdenaarburizing steel of fairly high hardenability. In
components it has a high core strength and a duaburized case steel making it suitable for many

heavy duty applications such as shafts and gears.

3.1.1 DP 590 Steel

DP 590 steel in the as-received condition is onthefmaterials used in this study. Specimens
were fabricated from DP 590 flat steel sheets 2 mnthickness. The test specimen geometry and
dimensions shown in Figure 3.1 were chosen satltilegtwere adequate to resist buckling in additian t
radius of the sample was continuously varied detngafrom infinity in a shape determined by finite
element calculations to give a stress concentraifoless than one percent. For high strain ampsud
(up to the 1% strain level), and to increase buckliesistance two specimens were laminated together
using M-Bond AE-10 adhesive epoxy and left for 22uis for the epoxy to cure before testing. The
chemical composition of the material is shown ibl€a3.1. The mechanical properties (monotonic and

cyclic curves) as determined in this study are showFigure 3.2 and are tabulated in Table 3.2.
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Figure 3.1 DP 590 specimen geometry (all dimensions arerinm)
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Figure 3.2 Monotonic and cyclic stress-strain curves of DB9O0 steel
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Table 3.1 Chemical composition of DP 590 steel (percentady weight)

Alloy C Mn P S Si Cu Ni Mo Cr Cb \% Al Sn N

DP590 0.09 1.01 0.01 0.01 0.28 <0.02 <0.02 <0.0D20<0.008 <0.008 0.04 0.01 0.01

Table 3.2 Mechanical (monotonic and cyclic) properties dDP 590 steel

Mechanical Properties Units Magnitude
Elastic Modulus, E MPa 209,000
Yield Strength s, MPa 349
Ultimate Tensile Strengtls,, MPa 523
True Fracture Stress; MPa 643
True Fracture Strain % 76

% Elongation % 34

% Reduction of Area % 53
Monotonic Tensile Strength Coefficiell, MPa 730
Monotonic Tensile Strain Hardening Exponenmt, 0.12
Cyclic Yield Strength, (0.2% offset) K'(0.002) n’ MPa 338
Cyclic Strength Coefficient’ MPa 949
Cyclic Strain Hardening Exponenmt, 0.166
Fatigue Strength Coefficient;; MPa 806
Fatigue Strength Exponet, - -0.083
Fatigue Ductility Coefficients - 0.351
Fatigue Ductility Exponent; - -0.5
Hardness, Rockwell C HRC 6

42



3.1.2 SAE 1045 Steel

Smooth, cylindrical gauge length specimens withgeemetry and dimensions shown in Figure
3.3 were prepared in accordance with ASTM stan&&@b - 04 from 19.05 mm diameter hot rolled bars
of SAE 1045 steel with the loading axis of eachcapen parallel to the direction of rolling. The sl
was tested in a quenched and tempered conditiomast heated to 846, quenched in oil, and then
tempered for 150 minutes at 315 The chemical composition of the SAE 1045 steahiown in Table
3.3. The specimen surface preparation was perfoimadmanner that resulted in a minimum influence
on the variability in fatigue lives and that intambd little surface metal deformation especiallyttia
gauge length. The gauge sections of the fatigueirseas were mechanically polished in the loading
direction using successively no. 240, no. 400, 5@0, and no. 600 grades of emery paper. After
polishing, a thin band of M-coat D acrylic coatiwgs applied under the clip gage location in thetraén
gauge section to prevent scratching of the smootface by the knife edges of the clip gauge strain
extensometer, thus reducing the incidence of keifge failures. The monotonic and cyclic curves as
determined in this study are shown in Figure 3dtabulated in Table 3.4.

In addition, threaded specimens were fabricateth f®AE 1045 steel bars. The geometry and
dimensions of round threaded notched specimensaniiéit gauge length profile are shown in Figure 3.
These specimens were used for crack growth rateceauk opening stress measurements. The flat test
section contained a single edge notch of R = 0.3 nadius. The gauge length of the specimen was
roughed out on a lathe then finished by progrefssieallower cuts. The threads were then cut wihiée
specimen remained in the lathe to ensure concéntailong the loading axis. The ASTM Standard E606-
04 recommended hand polishing of the specimendndhding direction using progressively finer gmde
of emery paper which vary from no. 240 to no. 680@inal polish using diamond powder was applied to

the gauge length with a very fine cloth to enhatreek closure observations.
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Figure 3.4 Threaded specimen geometry of SAE 1045 stedl ¢imensions are in mm)
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Figure 3.5 Monotonic and cyclic stress-strain curves ofAE 1045 steel
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Table 3.3 Chemical composition of SAE 1045 steel (perceige by weight)

Alloy C Mn P S Si Cu Ni Mo Cr Cb \% Al Sn

SAE 1045 046 0.81 0.027 0.023 0.17 0.27 - - 0.15 - - - -

Table 3.4 Mechanical (monotonic and cyclic) properties 68AE 1045 steel

Mechanical Properties Units Magnitude
Elastic Modulus, E MPa 205,000
Yield Strengths,, MPa 1200
Ultimate Tensile Strengtls,, MPa 1271
True Fracture Stress;, MPa 1879
True Fracture Strain % 56

% Elongation % 14

% Reduction of Area % 43
Monotonic Tensile Strength Coefficieli, MPa 1470
Monotonic Tensile Strain Hardening Exponenmt, 0.033
Cyclic Yield Strength, (0.2% offset) K'(0.002) n’ MPa 767
Cyclic Strength Coefficien’ MPa 1410
Cyclic Strain Hardening Exponenmt, 0.098
Fatigue Strength Coefficient); MPa 1813
Fatigue Strength Exponei, - -0.094
Fatigue Ductility Coefficients’; - 0.577
Fatigue Ductility Exponent - -0.6
Hardness, Rockwell C HRC 35
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3.1.3 AISI 8822 Steel

Smooth, cylindrical gauge length specimens withgeemetry and dimensions shown in Figure
3.6 were prepared in accordance with ASTM stan&&@b - 04 from 20 mm diameter bars of AlSI 8822
steel with the loading axis of each specimen palrtdl the direction of rolling. The material wasted in
a quenched and tempered condition. The samplesthmnggh-carburized by austenitizing at 927in
an atmosphere with a 0.9% carbon potential. Thepkss were then quenched in &b degree oil, and
then tempered at 2X&. The chemical composition of the AISI 8822 stisethown in Table 3.5. The
specimen surface preparation was performed in anarahat resulted in a minimum influence upon the
variability in fatigue lives and that introducedtlé surface metal deformation especially in thegga
length. The gauge sections of the fatigue specimame mechanically polished in the loading direttio
using successively no. 240, no. 400, no. 500, and®@0 grades of emery paper. After polishing,ia th
band of M-coat D acrylic coating was applied unither clip gage location in the central gauge sedtion
prevent scratching of the smooth surface by théekmilges of the clip gauge strain extensometes, thu
reducing the incidence of knife edge failures. Tm@otonic and cyclic curves are shown in Figure 3.7
and tabulated in Table 3.6.
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Table 3.5 Chemical composition of AISI 8822 steel (perctage by weight)

Alloy C Mn P S Si Cu Ni Mo Cr Cb Y Al Sn N

AISI 8822 0.22 0.86 0.013 0.025 0.17 - 0.43 0.39540. 0.24 0.004 0.028 0.01 -

Table 3.6 Mechanical (monotonic and cyclic) properties oAISI 8822 steel

Mechanical Properties Units Magnitude
Elastic Modulus, E MPa 209,000
Yield StrengthsS,, MPa -
Ultimate Tensile Strengtls,, MPa 1480
True Fracture Stress; MPa 1480
True Fracture Strain % 0.87

% Elongation % 0.87

% Reduction of Area % -
Monotonic Tensile Strength Coefficiet, MPa -

Monotonic Tensile Strain Hardening Exponent, -

Cyclic Yield Strength, (0.2% offset) K'(0.002) n’ MPa -
Cyclic Strength Coefficieni’ MPa -
Cyclic Strain Hardening Exponemt, -
Fatigue Strength Coefficient;; MPa 2234
Fatigue Strength Exponeft, - -0.109

Fatigue Ductility Coefficients’; ) )

Fatigue Ductility Exponent; - -
Hardness, Rockwell C (HRC) - 60
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Figure 3.7 Monotonic and cyclic stress-strain curves of Al 8822 steel

3.2 Specimen Gripping and Alignment

All fatigue tests were carried out using an MTSveeatontrolled closed-loop electro-hydraulic
testing machine. A process control computer coletlioby FLEX [68] software was used to output
constant strain amplitudes for constant strain #og# tests and constant amplitude stresses for the
underload history tests. The typical gripping addgnfor a smooth cylindrical specimen is shown in
Figure 3.8 (a). Prior to testing, the load traimgm@inent (load cells, grips, specimen, and actuai@s
checked. Then the smooth specimen was insertedsarwred into the lower grip, and the hydraulic
actuator was raised until the second end of theiigsige was inserted and secured into the upper Ghie.
gripping assembly for flat sheet specimens is shiomigure 3.8 (b). The specimen was inserted tinéo
lower grip and secured by tightening a screw thaves the clamping wedges and clamps the specimen

with enough force to prevent slipping during thgfiae tests.
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The other end was then inserted into the upper amigh secured by tightening the wedge grips with
another screw. For strain controlled tests, anlaigensometer was mounted on the specimen gauge
section and held in place by means of wire sprifgs.the threaded specimens, the gripping asseisbly
shown in Figure 3.8 (c). The specimen was threadtxdthe lower grip and secured by tightening a
machined lock-nut which ensured that the axis efgpecimen was parallel to the axis of the gripe Th
second end of the specimen was threaded into trex gtip and secured with a second machined lock-
nut. The hydraulic actuator was raised until th@dpgrip was immersed in the attached pot contginin
liquid wood’s metal, which was then frozen. Thi®gedure ensured that the axis of the specimen was
coincident with the loading axis of the testingnfiy and that the gauge section of the specimemuaias
subjected to residual stresses induced duringsbkenably process. Figure 3.8 (d) shows an overview o

the position of the optical microscope used in timestigation.
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Figure 3.8 Test setp for a) smooth specimens, b) flat sheet specimerny threaded specimens c
the 900x short focal length optical microscog
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3.3 Experimental Program

The following sections describe the experimentsfopmed on the materials used in this

investigation. A summary of all the tests is pr@ddn Table 3.7.

3.3.1 Monotonic Tensile Tests

Tension tests were carried out on dual phase DPst¥), SAE 1045 medium carbon steel, and
AISI 8822 carburized case steel. These tests pedvidformation on the strength and ductility of the

material under uniaxial tensile stresses as wahagngineering monotonic tensile stress-straiesu

3.3.2 Fully Reversed Constant Amplitude Tests

These tests were used in the determination of dtiguke properties (cyclic properties) of the
steels studied in this investigation and to gemetia¢ cyclic stress-strain and the total stram-tifirves.
Fatigue tests were carried out using an MTS seovitrolled closed-loop electro-hydraulic testing
machine with a process control computer contrdbgdLEX software to output constant strain andsstre
amplitudes in the form of sinusoidal waves. Axiabnstant strain amplitude, fully reversed (R = -1)
strain-controlled fatigue tests were performed & 3045, and AISI 8822 steel smooth specimens, as
well as on DP 590 flat sheet steel specimens. Tregssstrain limits of each specimen were recoated
logarithmic intervals throughout the test via akpezading voltmeter. Specimen failure was defineéa
50% drop in the tensile peak load from the pealsitedoad observed at one half of the expected
specimen life. The loading frequency of the testsed from 0.05 Hz to 3 Hz. For fatigue lives gezat
than 100,000 cycles (once the stress-strain loagsstabilized) the specimens were tested in loatr@o
For load controlled tests, failure was definedtes ¢eparation of the smooth specimen into two piece

The test frequencies used in this case were bet@@and 100 Hz.
3.3.3 Underload Fatigue Tests

3.3.3.1 Underload Fatigue Tests used in Constructin g the Effective Strain-Life Curve

The effective strain-life curve was derived fronripdic underload tests performed under stress
control consisting of a repeated load cycle bldeigre 3.9). The block consisted of a single uruetl
cycle followed by a number of smaller load cycleatthad the same maximum stress as the underload
cycle. The minimum stress of the small cycles waanged from test to test and was set at different
percentage of the fatigue limit (Figure 3.10). Thisck was then repeated until the specimen faild
aim was to have the large cycle (underload cyabelpfrequently enough that the crack opening stres
remained below the minimum stress of the smallad loycles so that subsequent crack growth during
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small cycle application was crack closure free. Thderload cycle in this work was set equal tofthiy
reversed constant amplitude stress level thatgiikh a fatigue life of 10,000 cycles [42]. The r@ador

this choice is to achieve a large reduction in kgoening stress without expending an undue fraaifo
the total damage in the large cycles. The numbeanll cycles in the second block was chosethab
they were responsible for 80 to 90% of the damagin¢ specimen and that they were free from crack
closure. The equivalent fatigue life for the snwgitles in the underload test was obtained by catitig

the damage done by the underload cycles and stibggatfrom unity to obtain the fraction of thetab
damage done by the small cycles. Then the numbsmeall cycles was divided by the fraction of the
damage done by them to obtain their equivalengdatilife. As mentioned previously theses tests were
used to construct the effective strain-life curtag).(2.7) by finding the values of the constafstandb

and the intrinsic strain range;.

71 = number of small cycles per block
3> S underload =S ,, small cycles
>

A

Siin SMall cycles

Stress

Underload cycle

- -

Snin Underload

Time

Figure 3.9 Underload fatigue test configuration
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Figure 3.10 Underload fatigue tests used in constructindne effective strain-life curve
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3.3.3.2 Underload Fatigue Tests used in Deriving th e Crack Closure Damage Parameter

“‘m” - Damage Tests

In this section a new test procedure for obtaimlata on the return of the crack opening stress to
a steady state level following an underload isoidiiced. Smooth specimens were tested under load
histories with intermittent underload values. Thegfiency of occurrence of the underloads was varied
from test to test and the changes in the fatiguesliwere observed. The changes in damage per block
were then used to determine the value of the cbomodel parametem?’ in Eq. 2.4 that described the
recovery of the crack opening stress to its stestdie level. The experimental work in this section
consisted of a series of underload fatigue testeravthe underload cycle was set equal to the fully
reversed constant amplitude stress level that gdaégue life of 10,000 cycles [42] and a blocksafall
cycles having the same maximum stress as the wadedycle. During these tests only the number of
small cycles per block was varied and the stresge@f the small cycles was constant in all oftdws.

The procedure for obtaining the closure paran@téris described in Appendix B.

3.3.4 Crack Opening Stress Measurements

These tests were used to measure the steady stakeopening stresses (Eqg. 2.3) and the crack
opening stress build-up (Eq. 2.4). The tests weredacted on DP 590 steel and the SAE 1045 steel.
Crack opening stress measurements were made byxap®Wer short focal length optical microscope at
given cycles after an underload was applied. Tlael lbistory consisted of repeated blocks of a large
underload followed by constant amplitude small egcuntil a steady state crack opening stress was
reached. The procedure followed in measuring tleekciopening stress was to stop the test at the
maximum stress of the chosen cycle and then dexbasload manually until the two crack surfaces
touched each other at 0.2 mm behind the cracKtim. sets of readings were recorded and averaged for
each crack opening stress and crack closure stregsurements at cycle numbers 1, 2, 5, 10, 20,080,
200, 500, 1000, 2000, 5000, and 10000 after eaglicagion of an underload.

3.3.5 Closure Free Crack Growth Tests

Crack growth in terms of the effective stress istBnwas measured under a load history
consisting of high stress underloads followed bgstant amplitude load cycles where the frequency of
the underload cycles was chosen to give fully ogtegss cycles. Cracks were started in single edgdin
(0.3 mm radius) specimens using zero to compressioling [69]. The procedure for obtaining closure
free load cycles followed the methodology propobgdabayeh and Topper [49], where a high, near

yield underload was applied followed by constanpbtide cycles that had the same maximum stress as
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the underload cycle. The number of small cycles eesen such that the damage due to underloads did
not exceed 20% and that the crack opening stre#tshaslt-up after the underloads did not reach the

minimum stress of the small cycles before the nexkerload was applied.

3.3.6 Mean Stress Tests

In AISI 8822 steel the steady state crack openiress levels derived from underload and fully
reversed constant amplitude fatigue tests indicttatdcrack opening stress levels were so lowdtrass
cycles with minimum stresses above zero would Hg épen. This suggested using constant amplitude
tests with positive minimum stresses to generathtiadal fully effective strain-life data. These are
stress tests were conducted in several series 8h8822 steel. In each series the maximum stressha
constant value and the stress range was loweredaftr specimen until the fatigue limit was reached.
These tests were used to extend the effectivendifaicurve of AISI 8822 steel to high strain rang
levels. The minimum stress was varied from 4 MPa tensile value which was approximately 40% of
the true fracture stress of the material. The thats cycles that were fully effective where theckra

opening stress was less than the minimum stretbe aycle.

3.3.7 Service Load History Tests

Crack opening stress levels under service loadtispeere measured for two automotive service
spectra with different mean stresses. The resudts wompared to the estimates made using the aigibr
crack opening stress models. The two spectra weredrsion channel of the Society of Automotive
Engineers SAE Grapple Skidder History (GSH) withasitive mean stress (Figure 3.11) and the Cable
Channel of the SAE Log Skidder History (LSH) wittra mean stress (Figure 3.12). The SAE GSH was
supplied in the form of normalized sequential paa#t valley points with a maximum value of 318 and a
minimum value of -238 and containing 41,112 reversahe SAE LSH was supplied in the form of
normalized sequential peak and valley points witiximum value of 7.3 and a minimum value of -7.7
and contains 13,344 reversals. The two spectra s@aked to various maximum and minimum stress
ranges. The maximum upper limit to the maximumsstnrange in the scaled histories was chosen so that

a fatigue crack would grow out of the notch andidvarge scale plasticity in the specimen.
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Table 3.7 Summary of the experimental tests performed othe three steels

Type of Tests

Used To :

Material Constants /

Properties Obtained:

Notes

Monotonic tests

Determine material's monotonic properties
Construct the monotonic stress-strain curve

Elastic modulus of
elasticity, E

Yield strength, Sy

Ultimate tensile strength,
Su

True fracture stress, of
True fracture strain

% Elongation

% Reduction in area
Monotonic tensile strength
coefficient, K

Monotonic tensile
hardening exponent, n

Fully reversed
constant amplitude

tests

Determine material's cyclic properties
Construct the cyclic stress-strain curve
Construct the strain-life curve

Cyclic yield strength
Cyclic strength coefficient,
K

Cyclic strain hardening
exponent, n'

Fatigue strength
coefficient, o'

Fatigue strength exponent,
b

Fatigue ductility coefficient,
£
Fatigue ductility exponent,
c

Underload fatigue

tests

Construct the effective strain-life curve

Determine the constants for the effective strain-life
curve

Derive the steady state crack opening stresses from
the effective strain-life curve

Determine the constants for the steady state crack
opening stress equation

Derive the closure free crack growth curve and its
constants

Intrinsic fatigue limit strain
range, A

Constants in the effective
strain-life curve: A and b
Constants in the steady
state crack opening stress,
Eq.2.3:8 and ¢

Closure free crack growth
curve constants, Eqg. 2.20:
Candm

The constants for the effective
strain-life curve are in Eq. 2.7

The steady state crack opening
stresses were derived from the
effective strain-life curve using Eq.
29

Eq.2.3 is the steady state crack
opening stress equation

The constants for the closure free
crack growth curve are presented
in Eq. 2.20

Damage tests

Determine the crack closure damage parameter in
the stress build-up Eq. (Eq. 2.4)

Crack closure damage
parameter, m

Eg. 2.4 is the stress build-up
equation

Crack opening stress

measurements

Compare the measured steady state crack opening
stresses with the derived ones from the effective
strain-life curve and the calculated ones using Eq.
2.3

Compare the measured crack opening stress build-
up with the calculated ones from Eq. 2.4

Compare the measured crack opening stresses
under the service load histories with the calculated
crack opening stresses using the Effective Strain-
Life Model and the Effective Crack Growth Model

Steady state crack opening stress
measurements were performed
under three stress ratios (-1, O,
and 0.8)

Crack opening stress build-up
measurements were performed
under three stress ratios (-1, O,
and 0.8)

Closure free crack

growth tests

Compare the measured crack growth rates with the
derived ones from the effective strain-life curve

Calibrate the constants in
the closure free crack
growth curve: C and m

The derivation of the closure free
crack growth rates are presented
in Chapter 2, Section 2.4.5

Mean stress tests

Obtain data points used in the effective strain-life
curve at high strain ranges

Provide better fitting of the effective strain-life curve
at high strain ranges

Performed on AISI 8822 steel only

Service load histories

Obtain experimental fatigue lives under variable
amplitude loading

The two histories were scaled to
different maximums and minimums
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Chapter 4
Experimental Results for Dual Phase (DP) 590 Steel

4.1 Introduction

The experimental results for DP 590 steel are ptesdein this chapter. The monotonic and cyclic
stress-strain curves as well as mechanical pr@sefoir this material are presented in Chapter 3i@&ec
3.1.1. The results in this chapter include all tibwts performed to develop the effective straim-fifodel

as well as the fatigue crack growth model.
4.2 Effective Strain-Life Curve

4.2.1 Strain-Life Curve

The strain-life curve was constructed from 25 gxtainstant amplitude, fully reversed (R = -1)
strain-controlled fatigue tests (Table 4.1) usingeavo-controlled closed-loop electro-hydraulictites
machine with a process control computer controigch software [68] to output constant strain omloa
amplitudes in the form of sinusoidal waviscan be seen in Figure 4.1 that the DP 590 stelaibited a
significant amount of plastic strain even at loivg$ (10 cycles). The plot of the plastic strain amplitude
versus fatigue life (Figure 4.1) reflected a departfrom the usual linearity of the Coffin-Manson
relationship. Similar non-linear behaviour was mgd in [70] for 2024-T4 and 7075-T6 aluminum
alloys. Due to the significant plastic strains olied, the maximum usable frequency in strain cdietio

tests without causing specimen overheating was20 H
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Table 4.1 Constant amplitude strain-life data for DP 59Gsteel

_ True stress True plastic True elastic Fatigue life
Test# Tru.e strain amplitude strain strain (reversals to
amplitude (%) (MPa) amplitude (%) amplitude (%) failure)
1 0.998 436 0.784 0.209 2,000
2 1.007 416 0.802 0.199 2,340
3 0.797 433 0.586 0.207 4,000
4 0.700 400 0.506 0.191 7,600
5 0.499 373 0.320 0.178 15,200
6 0.486 377 0.305 0.180 16,000
7 0.486 370 0.307 0.177 19,600
8 0.383 332 0.223 0.159 80,000
9 0.379 306 0.232 0.147 89,000
10 0.325 323 0.170 0.154 47,600
11 0.309 314 0.158 0.150 78,600
12 0.250 296 0.108 0.142 173,200
13 0.249 305 0.103 0.146 180,000
14 0.225 302 0.080 0.144 333,840
15 0.213 286 0.076 0.137 884,528
16 0.209 307 0.062 0.147 146,526
17 0.203 270 0.074 0.129 4,778,600
18 0.204 270 0.075 0.129 2,047,542
19 0.204 270 0.075 0.129 2,423,826
20 0.206 304 0.060 0.145 396,000
21 0.192 274 0.060 0.131 5,915,266
22 0.184 285 0.048 0.136 1,380,000
23 0.182 279 0.048 0.133 *10,100,418

*3 Run-Out Tests
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Figure 4.1 Fitted strain-life curve for DP 590 steel
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4.2.2 Underload Fatigue Data and the Effective Str  ain-Life Curve

The effective strain-life curve was dedvfrom 20 periodic underload fatigue tests peréam
under stress control consisting of a repeated tyate block. The block consisted of a single urokel
cycle followed by a number of smaller load cycleatthad the same maximum stress as the underload
cycle. This block was then repeated until the gpeaifailed. The aim of this test was to have thgda
cycle (underload cycle) occur frequently enought ttiee crack opening stress remained below the
minimum stress of the smaller load cycles so thlhssquent crack growth during small cycle applirati
was crack closure free. The underload cycle in Wosk was set equal to the fully reversed constant
amplitude stress level that gave a fatigue lifa@000 cycles (339 MPa). The reason for this choias
to achieve a large reduction in crack opening stigghout expending an undue fraction of the total
damage in the large cycles. The number of smalksyio the second block was chosentsat they were
responsible for 80 to 90% of the damage to theispat and that they were free from crack closure.
Table 4.2 shows the underload fatigue tests cordtgun. The periodic underload fatigue data for Eie
590 steel specimens are shown in Figure 4.2 togethle the constant amplitude strain-life curve.eTh
derived effective strain-life curve is shown in g 4.3, the constanfsandb in the effective strain-life

curve equation (Eq. 2.11) were found to be 87.0 -&60 respectively. The intrinsic strain range;,

was found to be 0.085%.
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Table 4.2 Underload fatigue tests for DP 590 steel

Underload cycle
339 MPa in tension

-339 MPa in compression

Small cycles
Test Stress Strain Number of Number of Equivalent
amplitude amplitude  small cycles in Failure life underload cycles to
(MPa) (%) the block cycles failure
1 279 0.13 200 50,053 249 51,076
2 251 0.12 100 77,252 765 82,823
3 237 0.11 100 107,084 1060 118,595
4 237 0.11 100 143,000 1416 164,939
5 223 0.11 100 155,400 1539 181,847
6 209 0.10 100 219,616 2174 277,846
7 195 0.09 120 163,800 1354 187,886
8 181 0.09 200 287,893 1432 334,338
9 167 0.08 200 418,648 2083 526,165
10 153 0.07 230 960,000 4156 1,635,599
11 145 0.07 250 550,000 2191 701,510
12 140 0.07 1,000 1,334,177 1333 1,537,838
13 126 0.06 2,800 2,800,050 1000 3,110,056
14 117 0.06 3,000 3,000,000 1000 3,332,222
15 112 0.05 4,500 8,031,952 1784 9,773,817
16 106 0.05 10,000 9,668,529 967 10,702,493
17 98 0.05 10,000 7,163,823 716 7,715,540
18 92 0.04 10,000 *10,000,000 1000 *11,110,000

*3 Run-Out Tests
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4.2.3 Steady State Crack Opening Stresses

Steady state crack opening stresses were modetegiiisQuesnay’s equation (Eqg. 2.3). A series
of crack opening stress measurements (Chapterc8p8&.3.4) were performed on DP 590 steel under 3
stress ratios (-1, 0, and 0.8) to calibrate thestaois in the equation. A loading sequence of iaypest
consisted of an underload of yield stress magni(@89 MPa in these tests) followed by fully reverse
constant amplitude cycles until a steady statekcigening stress was reached. The procedure for
measuring the crack opening stress was to stopetiteat the maximum stress of the chosen cycle and
then decrease the load manually until the two ckagkaces touched each other at 0.2 mm behind the
crack tip. Two sets of readings were recorded using00x power short focal length optical video
microscope and averaged for each crack openingsstecycles 1, 10, 50, 100, 200, 500, 1000, 2000,
3000 and 5000 after each application of an unddridhe steady state crack opening stress (Figudes 4
4.5, and 4.6) initially increased linearly with thaximum stress in a cycle, it then levelled ofaibbut
one half of the material yield stress and thenekes®d until it fell below zero when the plasticea the
crack tip expanded rapidly as the metal yield stveas approached. Figure 4.7 shows a comparison of

the steady state crack opening stresses for ttressssatios (-1, 0, and 0.8).

As mentioned previously in Chapter 2, Section 22.éhe steady state crack opening stresses
were also obtained from the constant amplitude effective strain-life curves, Figure 4.8 shows the
crack opening stresses derived from the constaptitaiche and effective strain-life curves togethethw
crack opening stresses obtained from DuQuesnayiatieaq (Eq. 2.3) and measured stresses for a stress

ratio R = -1. The two constarisandg in Eq. 2.3 were found to be 0.9 and 0.05 respelgtiv
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DuQuesnay'’s equation for DP 590 steel

4.2.4 Determining the Crack Closure Parameter  “m”

In this section a new test procedure for obtaimdata on the return of the crack opening stress to
a steady state level following an underload isoidirced. Smooth specimens were tested under load
histories with intermittent underloads and a fixedel of strain in the intervening constant ammuléu
cycles. The frequency of occurrence of the undddoaas varied from test to test and the changes in
fatigue life were observed. Table 4.3 gives théstessults. The changes in damage per block were th
used to determine the value of the closure modelnpeter fn” in Eq. 2.4 that described the recovery of
the crack opening stress to its steady state l&vm.experimental work in this section consistéd 4
underload fatigue tests where the underload cyele set equal to the fully reversed constant angaitu
stress level that gave a fatigue life of 10,000ey¢339 MPa), and the amplitude of the small cyulas
set to 200 MPa. During these tests only the nundbesmall cycles per block was varied and their
corresponding damage was calculated by subtrattimglamage due to the underloads from unity. After
calculating the equivalent damage done by the styales, the damage per cycle was plotted agdiest t
number of small cycles per block (Figure 4.9). Endata were then fitted by iteratively assumingj “

values and calculating the crack opening stresgdch small cycle in the loading block using Ed. 2.
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Then the value of,, - Snin/ E) (WhereS,, is the crack opening stres$,, is the minimum stress of the

small cycles in the loading block, aldis the modulus of elasticity) was subtracted from (the total
strain range) for each cycle to obtain the effecstrain rangeA.s). The damage was then calculated by
entering4 e in the effective strain-life curve shown in Figu#e3. The damage per cycle was then

summed up and divided by the number of small cypsblock to obtain the average damage per cycle.
The value of i’ was iteratively varied to obtain a good fit ofetltalculated curves to the measured
average damage per block. Appendix B explains timeptete procedure for calculating the damage done
by small cycles and fittingri’ to the calculated damage.

In Figure 4.9, we see three zones. The applicatianlarge underload cycle decreased the crack
opening stress from its steady state level to aevldss than the minimum stress of the small cyélss
long as the crack opening stress was less thamithismum stress, the damage per cycle was constaht a
this is shown in the first zone (zone A-B). Howewer cycling progressed, the crack opening stress
increased and as soon as it exceeded the mininmess sthe effective strain range of the small cyaled
the damage per cycle decreased as shown in thadseoae (zone B-C). In the third zone (zone C) the
crack opening stress reached the steady stateftavidle small cycles resulting in a constant dagnper
cycle. A value oin= 0.023 gave a good fit to the measured damageyots versus the number of small
cycles per block. This value ofrf’ was then used in Eq. 2.4 to calculate the chaimgd®e crack opening

stress of the small cycles after the applicatioarotinderload.
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Table 4.3 Damage tests configuration for DP 590 steel

Underload cycle
339 MPa in tension

-339 MPa in compression

Small cycles
Number
) Number Damage ] Damage
Stress Strain  of small _ Equivalent Number
Test _ _ Failure of done by done by
amplitude amplitude cycles ] cycles to of
_ life underload small _ each
(MPa) (%) in the failure blocks
cycles cycles cycle
block
1 230 0.11 200 194,171 966 0.90 221,338 966 4.5E-06
2 230 0.11 50 68,646 1,346 0.87 81,784 1,346 12E-0
3 230 0.11 300 132,459 440 0.96 140,132 440 7.1E-06
4 230 0.11 100 107,084 1,060 0.89 123,208 1,060 E-86L
5 230 0.11 100 143,000 1,416 0.86 174,004 1,416 E-66/
6 230 0.11 600 237,435 395 0.96 250,035 395 4.0E-06
7 230 0.11 1,000 360,915 361 0.96 378,534 361 Q6E-
8 230 0.11 5,000 608,186 122 0.99 617,984 122 06E-
9 230 0.11 10,000 621,037 62 0.99 626,083 62 16E-0
10 230 0.11 70 147,183 2,073 0.79 199,536 2,073 E-68
11 230 0.11 2,000 436,448 218 0.98 449,112 218 -Q&E
12 230 0.11 20 71,925 3,425 0.66 124,695 3,425 -88E
13 230 0.11 40 62,894 1,534 0.85 76,877 1534 0O3E-
14 230 0.11 400 281,251 701 0.93 309,056 701 3&E-0
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Figure 4.9 Fitted “m” to damage calculations for DP 590 steel

4.2.5 Crack Opening Stress Build-Up Measurements

After obtaining the crack closure parametet,“the crack opening stress build-up equation (Eq.
2.4) was used to model the changes in the crackiogatress during a loading history and derivelkra
opening stress values that were then compared &suned values. Crack opening stress measurements
(Figures 4.10, 4.11, and 4.12) were made for 3stlevels using the previously described underload
block load history under stress control. In thestfirest, an underload cycle with peak of -330 MPa
compression and 200 MPa in tension was followed @0 constant amplitude small cycles at a stress
ratio R = 0.8 with a maximum stress of 200 MPa emdimum stress of 160 MPa. The surface crack
length at the time of measurement was 1.04 mmhénsecond test the underload cycle had a stress of
-330 MPa in compression and 200 MPa in tensiorgved by 1000 constant amplitude small cycles
with a stress ratio R = 0. The crack length attitime of the measurement was 0.98 mm and the maximum
and the minimum stress peaks of the small cycles @0 MPa and zero MPa, respectively. In the third
test, the underload cycle peaks were -330 MParimpcession and 200 MPa in tension, followed by 1000

constant amplitude small cycles with a stress Rto-1. The maximum and the minimum stressesef th
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small cycles were 200 MPa and -200 MPa, respegtiviain, the procedure for measuring the crack
opening stress was to stop the test at the maxisttgas of the chosen cycle and then decreasedle lo
manually until the two crack surfaces touched eattler at 0.2 mm behind the crack tip. Two sets of
readings were recorded and averaged for each oparking stress at cycles 1, 10, 50, 100, 200, &3d,
1000 after each application of an underload. Figu4®, 4.10, and 4.11 show the crack opening stress

build-up measurements and predicted curves defieed Eq. 2.4 fitted ton = 0.023 for stress ratios.
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Figure 4.10 A comparison of a crack opening stress buildgu curve fitted to m = 0.023 with

measured data for R = -1 for DP 590 steel
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4.2.6 Fatigue Life Predictions for Service Load His tories using the Effective Strain-Life
Model

In this section a model that used the effectivaitlife curve and thas* damage parameter was

used to predict fatigue lives for tests under twoviee load histories (the Log Skidder History ahd
Grapple Skidder History). Each history was scatedive various maximum stress ranges and applied to

a smooth specimen under stress control.

4.2.6.1 Results for the Log Skidder History

11 Fatigue tests were performed on smooth spesimader different scaled values of the Log
Skidder history. As mentioned previously the higtoonsisted of 13,344 reversals and for each tiest,
history was scaled to different maximum stress aog#s. Figure 4.13 shows the predicted fatiguesliv

using the effective strain-life model together wattperimental fatigue lives for the Log Skiddertig.

600
= Predicted Fatigue Life Using the Effective Strain  -Life Model

¢ Experimental Fatigue Life Data
] | I I B
The test was stopped at 10,000,000 cycles 9

400 \\

Maximum Stress (MPa)

200
10 100 1000 2000

Number of Blocks to Failure

Figure 4.13 Experimental and predicted fatigue lives verssi maximum stress for DP 590 steel

subjected to the Log Skidder History
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4.2.6.2 Results for the Grapple Skidder History

In this part 13 fatigue tests were performed on39B smooth specimens under different scaled
Grapple Skidder Histories. The history consistedddfl12 reversals and in each test different scaled
maximum stress amplitudes were applied. Figure 4&ldws the predicted fatigue lives using the

effective strain-life model together with experinarfatigue lives for the Grapple Skidder History.

800 # Experimental Fatigue Life Data
= Predicted Fatigue Life Using the Effective Strain-L  ife Model
| | | [ 11 [ ]
The test was stopped at 10,000,000 cycles q
*
\ ’
% MR
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E \’
3 w\
=
400
10 Number of Blocks to Failure 1000

Figure 4.14 Experimental and predicted fatigue lives verssi maximum stress for DP 590 steel
subjected to the Grapple Skidder History
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4.3 Effective Fatigue Crack Growth Model

The work in this part included the derivation o tblosure free crack growth curve (Chapter 2,
Section 2.4.5) from the effective strain-life curaad comparing it with experimental measurements
performed on notched samples (0.3 mm radius) utitertwo service load histories. Crack opening
stresses were also calculated using the crack graweidel and compared to measured values. Finally
predicted fatigue lives under different scaled |dastories were compared with experimental fatigue

lives.

4.3.1 Derivation of the Closure Free Crack Growth C urve and Closure Free Crack

Growth Measurements

The derivation of the closure free crack growthveufrom the effective strain-life curve was
presented in Chapter 2, Section 2.4.5. Closuedrack growth measurements were obtained for [P 59
steel specimens with a 0.3 mm radius notch. Assa tep, the specimen was pre-cracked by applying
constant amplitude cycles going from zero to -33@aMn compression. This allowed the crack to grow
out of the notch and naturally develop into a nooppgating crack, as the closure levels reached the
threshold conditions under nominal cyclic compr@sgi69] (the notch root stress peaks were tensile).
After the crack was developed, crack opening stesgere measured under a variable amplitude load
history by the methodology given by Dabayeh et [dB]. A travelling optical microscope of a
magnification of 900x was mounted on the machiménfathe specimen. A vernier with an accuracy of
0.0001 mm was attached to the microscope to mea$iameges in crack length. The technique reported
was to apply a block of loading history consistofgan underload followed by small cycles which have
the same maximum stress as the underload cyclemiimenum stress of the small cycles was varied
from test to test to produce a succession of diffedK.; values. The underload cycle was chosen as the
constant amplitude stress level that would givatmte life of 10,000 cycles (-339 MPa). The numiler
the small cycles was chosen so that damage duetonderload cycle did not exceed 10% and that the
small cycles between the underloads were freeasiuce by making sure that the crack opening saess
it builds-up after the underloads did not reach thimimum stress of the small cycles before the
application of the next underload that would redtive crack opening stress. Figure 4.15 shows the
experimental closure free crack growth measuremgisther with the effective stress intensity crack

growth curve derived from smooth specimen fatiga@ad
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Figure 4.15 Derived effective stress intensity crack growuitcurve and experimental measurements

of crack growth rate vs. effective stress intensitgata for DP 590 steel

4.3.2 Crack Opening Stress Levels under Service Loa

The crack opening stresses for DP 590 steel wemsuned under the SAE Grapple Skidder
History and the SAE Log Skidder History. The meadwalues were then compared with the calculated

crack opening stresses obtained from the cracktgrowodel.

4.3.2.1 Crack Opening Stresses of DP 590 Steel unde

In this section, the crack opening stresses werasured for DP 590 steel under the SAE Log
Skidder History. The loading spectrum was scale@ tmaximum stress of 410 MPa and a minimum
stress of -412 MPa. The crack opening stresses meesured using a 900x short focal length optical
video microscope for different cycles and at comeencrack lengths. The procedure for measuring the
crack opening stresses was to stop the test aketfieed cycle number and reduce the load manuatly u

the two surfaces of the crack touched each oth8r2atnm behind the crack tip. Figure 4.16 shows the
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nominal applied stress history together with thieuated crack opening stresses using the cracktbro

model and the measured crack opening stresses.
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Figure 4.16 Calculated crack opening stresses and measdrerack opening stresses for DP 590

steel under the SAE Log Skidder History scaled to maximum stress of 410 MPa
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4.3.2.2 Crack Opening Stresses of DP 590 Steel unde rthe SAE Grapple Skidder History

The crack opening stresses were measured for DPs&®| under the SAE Grapple Skidder
History scaled to a maximum stress of 470 MPa amdramum stress of -352 MPa. Again the crack
opening stresses were measured using a 900x sluait IlEngth optical video microscope for different
cycles and at convenient crack lengths. The praeeftir measuring the crack opening stresses was to
stop the test at the desired cycle number and esthécload manually until the two surfaces of treck
touched each other at 0.2 mm behind the cracltgure 4.17 shows the nominal applied stress hjistor
together with the calculated crack opening streasewy the crack growth model and the measuredkcrac
opening stresses. For all the combination of lostbhes (Log Skidder History and Grapple Skidder
History), the crack opening stress decreased winegecimen was subjected to a large underloae cycl

and then it built-up again during subsequent smaileles.
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Figure 4.17 Calculated crack opening stresses and measureck opening stresses for DP 590 steel

under the SAE Grapple Skidder History scaled to a raximum stress of 470 MPa
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4.3.3 Fatigue Life Predictions for Service Load His  tories Using the Crack Growth Model

Fatigue life predictions based on the crack gromtidel are presented in this section under the
two service load histories (the Log Skidder Histand the Grapple Skidder History). Each history was
scaled to give various maximum stress ranges apliedpto a notched specimen (0.3 mm radius) under

stress control. The predicted lives were then caathto the experimental values.

4.3.3.1 Results for the Log Skidder History

In this part, 11 fatigue tests were performed ottimed specimens under different scaled valueseof th
Log Skidder history. As mentioned previously thstbiy consisted of 13,344 reversals and for easth te
the history was scaled to different maximum stasplitudes. Figure 4.19 shows the predicted fatigue

lives using the crack growth model together witk #xperimental fatigue lives for the Log Skidder

history.
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Figure 4.18 Experimental and predicted fatigue lives versi maximum stress for DP 590 steel

subjected to the Log Skidder History
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4.3.3.2 Results for the Grapple Skidder History

14 Fatigue tests were performed on notched spesirneder different scaled values of the
Grapple Skidder history. The history consisted hfl42 reversals and for each test the history waled
to different maximum and minimum stress amplitudégure 4.19 shows the predicted fatigue lives

using the crack growth model together with the expental fatigue lives for the Log Skidder history.
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Figure 4.19 Experimental and predicted fatigue lives verssi maximum stress for DP 590 steel

subjected to the Grapple Skidder History
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Chapter 5
Experimental Results for SAE 1045 Steel

5.1 Introduction

The experimental results for SAE 1045 steel ars@ried in this chapter. The monotonic and
cyclic stress-strain curves as well as the mechapioperties for this material are presented iaptér 3
Section 3.1.2. The results in this chapter inclali¢he tests performed to develop the effectivaistlife

model as well as the fatigue crack growth model.
5.2 Effective Strain-Life Curve

5.2.1 Strain-Life Curve

The strain-life curve was constructed from axianstant amplitude, fully reversed (R = -1)
strain controlled fatigue tests (Table 5.1) usingeavo-controlled closed-loop electro-hydraulictites
machine with a process control computer controigch software [68] to output constant strain omloa
amplitudes in the form of sinusoidal wav&pecimen failure was defined as a 50% drop in ¢hsile
peak load from the peak tensile load observed at lwalf of the expected specimen life. In strain
controlled tests, the loading frequency varied f@0b6 Hz to 3 Hz. For fatigue lives greater tha,000
reversals (once the stress-strain loops had stad)lithe specimens were tested in load control.ti@r
load controlled tests, failure was defined as tbpasation of the specimen into two pieces. The test
frequency used in this case was 70 Hz. Figure ltoWvs the experimental fatigue data and the fitteall t

strain-life curve.
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Table 5.1 Constant amplitude strain-life data for SAE 108 steel

True plastic True elastic

True strain True stress _ _ Fatigue life
Test # amplitude amplitude Strém Strém (reversals to
amplitude amplitude _
(%) (MPa) %) %) failure)

1 1.577 885 1.146 0.432 450

2 0.988 835 0.581 0.408 1,600

3 1.005 853 0.589 0.416 2,900

4 0.984 813 0.587 0.396 3,060

5 0.697 804 0.305 0.392 6,200

6 0.703 804 0.310 0.392 4,000

7 0.700 785 0.317 0.383 6,000

8 0.501 749 0.136 0.365 11,200

9 0.495 724 0.142 0.353 22,000

10 0.494 723 0.141 0.353 19,700

11 0.403 740 0.042 0.361 56,816

12 0.371 659 0.049 0.321 92,600

13 0.348 679 0.017 0.331 209,506

14 0.349 665 0.025 0.324 119,118

15 0.349 642 0.035 0.313 245,388

16 0.322 622 0.018 0.303 72,112

17 0.303 572 0.024 0.279 *10,000,000

18 0.293 577 0.012 0.281 *10,000,000

19 0.305 589 0.018 0.287 426,156

20 0.265 509 0.017 0.248 *10,000,000

21 0.273 532 0.014 0.259 *10,000,000

22 0.276 542 0.011 0.264 *10,000,000

* Run-Out Tests
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Figure 5.1 Fitted strain-life curve for SAE 1045 steel

5.2.2 Underload Fatigue Data and the Effective Str  ain-Life Curve

The effective strain-life curve was derivadn periodic underload fatigue tests performed unde
stress control consisting of a repeated load dyldek. The block consisted of a single underloadey
followed by a number of smaller load cycles thad kfize same maximum stress as the underload cycle.
This block was then repeated until the specimdadaiAs mentioned previously the aim was to haee th
large cycle (underload cycle) occur frequently egiothat the crack opening stress remained below the
minimum stress of the smaller load cycles so thhssquent crack growth during small cycle applarati
was crack closure free. The underload cycle in Wosk was set equal to the fully reversed constant
amplitude stress level that gave a fatigue lifa@f00 cycles (725 MPa). The reason for this choias
to achieve a large reduction in crack opening stiighout expending an undue fraction of the total
damage in the large cycles. The number of smalksyio the second block was chosentsd they were

responsible for 80 to 90% of the damage to theispat and that they were free from crack closure.

85



Table 5.2 shows the tests configuration. The pariathderload fatigue data for the SAE 1045 steel
specimens are shown in Figure 5.2 together withcthrestant amplitude strain-life curve. The derived
effective strain-life curve is shown in Figure 5tBe constants, andb in the effective strain-life curve

(Eg. 2.9) were found to be 34.2 and -0.39 respelstivi he intrinsic strain rangd,s;, was found to be
0.27% which made the curve & A<* values (calculated from Eq. 2.5%. N; linear on logarithmic

scales.

Table 5.2 Underload fatigue tests for SAE 1045 steel

Underload cycle
725 MPa in tension

-725 MPa in compression

Small cycles
Test Stress Strain Number of Number of Equivalent
amplitude amplitude  small cycles Failure life underload cycles to
(MPa) (%) in the block cycles failure

1 553 0.27 150 18,596 125 19,299
2 526 0.26 100 81262 814 93,765
3 498 0.24 80 8860 112 8,548
4 470 0.23 50 18946 380 19,875
5 443 0.22 100 136,524 1,366 167,521
6 415 0.20 150 59,443 397 65,781
7 387 0.19 180 172,000 957 203,579
8 332 0.16 300 634,615 2,116 856,026
9 304 0.15 1,500 542,411 363 611,168
10 277 0.13 800 377,533 473 429,287
11 243 0.12 1,000 428,776 430 485,825
12 205 0.10 1,000 875,072 876 1,036,942
13 173 0.08 1,000 4,304,501 4,306 7,769,157
14 156 0.08 5,000 *5,001,500 1,001 *6,012,152

*3 Run-Out Tests
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Figure 5.2 Underload fatigue data for SAE 1045 steel
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5.2.3 Steady State Crack Opening Stresses

Steady state crack opening stresses were modetegiiisQuesnay’s equation (Eqg. 2.3). A series
of crack opening stress measurements (Chapter 3io6e3.3.4) were performed on SAE 1045 steel
under three stress ratios (-1, 0, and 0.8) to i@hithe constants in the equation. A loading secpief a
typical test consisted of an underload of yieléssrmagnitude (729 MPa in these tests) followeflilhy
reversed constant amplitude cycles until a stesaty €rack opening stress was reached. The prazedur
for measuring the crack opening stress was tothmpest at the maximum stress of the chosen eyude
then decrease the load manually until the two cesagkaces touched each other at 0.1 mm behind the
crack tip. Two sets of readings were recorded using00x power short focal length optical video
microscope and averaged for each crack openingsstecycles 1, 10, 50, 100, 200, 500, 1000, 2000,
3000, 5000, and 10, 000 after each applicationnofirderload. The steady state crack opening stress
(Figures 5.4, 5.5, and 5.6) initially increasecediny with the maximum stress in a cycle, it thevelled
off at about one half of the material yield stressl then decreased until it fell below zero whemn th
plastic zone at the crack tip expanded rapidihastetal yield stress was approached. Figure Bwsh
comparison of the measured and calculated steatly atack opening stresses under 3 stress ratio8, (-
and 0.8). The steady state crack opening stresses also obtained from the effective and constant
amplitude strain-life curves. Figure 5.8 shows tnack opening stresses derived from the constant
amplitude and effective strain-life curves togetheith crack opening stresses obtained from
DuQuesnay’s equation (Eg. 2.3) and measured stréssa stress ratio R = -1. The two consténasd
@ in Eqg. 2.3 were found to be 0.64 and 0.1 respelgtiv
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Figure 5.4 Steady state crack opening stress measuremefiasR = -1 for SAE 1045 steel
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Figure 5.8 Steady state crack opening stress estimates ided from smooth specimen data fitted to

DuQuesnay'’s equation for SAE 1045 steel

5.2.4 Determining the Crack Closure Parameter  “m”

Smooth specimens were tested under load histortesimermittent underloads and a fixed level
of strain in the intervening constant amplitudelegcThe frequency of occurrence of the underloeas
varied from test to test and the changes in fatijeevere observed. Table 5.2 shows the testdts=fr
the SAE 1045 steel. The changes in damage per bleck then used to determine the value of the
closure model parametem® in Eq. 2.4 that described the recovery of theckrapening stress to its
steady state level. The experimental work in $ieistion consisted of 9 underload fatigue tests evhier
underload cycle was set equal to the fully reversmstant amplitude stress level that gave a fatige
of 10,000 cycles (729 MPa), and the amplitude efgimall cycles was set to 200 MPa. During theds tes
only the number of small cycles per block was \daed their corresponding damage was calculated by
subtracting the damage due to the underloads froty. WAfter calculating the equivalent damage doge
the small cycles, the damage per cycle was pl@tgdnst the number of small cycles per block (Fegur
5.9). These data were then fitted by iterativelyuasing ‘m” values and calculating the crack opening

stress for each small cycle in the loading blodkgi&q. 2.4. Then the value d&f - Snn/ E) (WhereS,,
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is the crack opening stres3,i, is the minimum stress of the small cycles in treding block, and is
the modulus of elasticity) was subtracted fram (the total strain range) for each cycle to obthia
effective strain ranged(.). The damage was then calculated by enteting in the effective strain-life

curve shown in Figure 5.3. The damage per cycle tvas summed up and divided by the number of
small cycles per block to obtain the average dampageycle. The value dMm” was iteratively varied to
obtain a good fit of the calculated curves to theasured average damage per block. A valum of
0.008 gave a good fit to the experimental damageyze.

Table 5.3 Damage tests configuration for SAE 1045 steel

Underload cycle
729 MPa in tension

-729 MPa in compression

Small cycles
Number
] Number Damage ] Damage
Stress Strain  of small _ Equivalent Number
Test _ _ _ Failure of done by done by
amplitude amplitude cyclesin ) cycles to of
life underload small , each
(MPa) (%) the failure blocks
cycles cycles cycle
block
1 200 0.10 50 468,727 9,191 0.93 496,762 9,191 -Q6lE
2 200 0.10 100 475,673 4,710 0.96 489,771 4,710 E-Q6l
3 200 0.10 200 404,898 2,014 0.98 409,610 2,014 E-06
4 200 0.10 1,050 590,989 562 1.00 593,145 562 06’E-
5 200 0.10 1,500 459,145 306 1.00 459,987 306 QRE-
6 200 0.10 2,000 652,778 326 1.00 654,191 326 06HE-
7 200 0.10 5,000 1,309,768 262 1.00 1,312,309 262 .6E-@7
8 200 0.10 6,000 1,259,014 210 1.00 1,260,963 210 .9E-@7
9 200 0.10 10,000 3,008,253 301 1.00 3,015,352 30B.3E-07
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Figure 5.9 Fitted “m” to damage calculations for SAE 1045teel

5.2.5 Crack Opening Stress Build-Up Measurements

After obtaining the crack closure parametet’,“the crack opening stress build-up equation (Eq.
2.4) was used to model the changes in the crackingatress during a loading history and derivelkra
opening stress values that were then compared &suned values. Crack opening stress measurements
(Figures 5.9, 5.10, and 5.11) were made for 3simgls using the previously described underldadkb
load history under stress control. In the first,tag underload cycle with peak of -800 MPa congioes
and 300 MPa in tension was followed by 3000 consaamplitude small cycles at a stress ratio R = 0.8
with a maximum stress of 300 MPa and minimum stoég10 MPa. The surface crack length at the time
of measurement was 1.03 mm. In the second testuriderload cycle had a stress of -800 MPa in
compression and 300 MPa in tension, followed by0360nstant amplitude small cycles with a stress
ratio R = 0. The crack length at the time of theasugement was 1.08 mm and the maximum and the

minimum stress peaks of the small cycles were 36@ sind zero MPa, respectively. In the third tést, t
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underload cycle peaks were -800 MPa in compressid200 MPa in tension, followed by 3000 constant
amplitude small cycles with a stress ratio R =The crack length at the time of the measurement was
0.95 mm and the maximum and the minimum stressésea$mall cycles were 200 MPa and -200 MPa,
respectively. Again, the procedure for measuring ¢hack opening stress was to stop the test at the
maximum stress of the chosen cycle and then dexibasload manually until the two crack surfaces
touched each other at 0.2 mm behind the cracKtim sets of readings were recorded and averaged for
each crack opening stress measurement. Figures%1M0and 5.12 show the crack opening stress-build

up measurements and predicted curves derived fiqpra.B and fitted ton = 0.008 for three stress ratios.
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Figure 5.10 A comparison of a crack opening stress buildgu curve fitted to m = 0.008 with
measured data for R = -1 for SAE 1045 steel
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Figure 5.12 A comparison of a crack opening stress buildpucurve fitted to m = 0.008 with
measured data for R = 0.8 for SAE 1045 steel
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5.2.6 Fatigue Life Predictions for Service Load His  tories
In this section a model that used the effectivaigtlife curve and thas* damage parameter was

used to predict fatigue lives for tests under twoviee load histories. Each history was scaledive g

various maximum stress ranges and applied to atbnspecimen under stress control.

5.2.6.1 Results for the Log Skidder History

In this part, 9 fatigue tests were performed on@mapecimens under different scaled values of
the Log Skidder history. Figure 5.13 shows the joted fatigue lives using the effective strain-lifedel
fitted to the experimental fatigue lives.

600
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# Experimental Fatigue Life Data
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Figure 5.13 Experimental and predicted fatigue lives verssimaximum stress for SAE 1045 steel
subjected to the Log Skidder History
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5.2.6.2 Results for the Grapple Skidder History

In this part 10 fatigue tests were performed on SAEB5 smooth specimens under different
scaled Grapple Skidder Histories. The history cxirdi of 41,112 reversals and in each test different
scaled maximum stress amplitudes were applied r&igul4 shows the predicted fatigue lives using the

effective strain-life model together with the efige strain-life curve derived from experimentalidae
lives.
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Figure 5.14 Experimental and predicted fatigue lives verssimaximum stress for SAE 1045 steel
subjected to the Grapple Skidder History
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5.3 Fatigue Crack Growth Model

The work in this part included the derivation o tblosure free crack growth curve (Chapter 2,
Section 2.4.5) from the effective strain-life curaad comparing it with experimental measurements
performed on notched samples (0.3 mm radius) utiftertwo service load histories. Crack opening
stresses were also calculated using the crack graweidel and compared to measured values. Finally
predicted fatigue lives under different scaled |dastories were compared with experimental fatigue

lives.

5.3.1 Derivation of the Closure Free Crack Growth C urve and Closure Free Crack

Growth Measurements

The derivation of the closure free crack growthveufrom the effective strain-life curve was
presented in Chapter 2, Section 2.4.5. Figure hbsvs the derived crack growth rate curves folSA&
1045 steel together with the experimental closuee track growth measurements where the intrinsic
stress intensity rangelK;) was taken as 2.5 MPa'fn Closure free crack growth measurements were
obtained for SAE 1045 steel specimens with a 0.3ramius notch. As a first step, the specimen was pr
cracked by applying constant amplitude cycles gdiam zero to -653 MPa in compression. A travelling
optical microscope of a magnification of 900x wasumted on the machine facing the specimen. A
vernier with an accuracy of 0.0001 mm was attadieethe microscope to measure changes in crack
length. The technique reported was to apply a blothoading history consisting of an underload
followed by small cycles which have the same maxinsiress as the underload cycle. The minimum
stress of the small cycles was varied from tes¢$bto produce a succession of differ#iits values. The
underload cycle was chosen as the constant amplgiidss level that would give a fatigue life of(DD
cycles (-729 MPa). The number of the small cyclas whosen so that damage due to the underload cycle
did not exceed 10% and that the small cycles betwhe underloads were free of closure by making sur
that the crack opening stress as it builds-up afterunderloads did not reach the minimum streshef

small cycles before the application of the nextart@hd that would reduce the crack opening stress.
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Figure 5.15 Derived effective stress intensity crack gral curve and experimental measurements

of crack growth rate vs. effective stress intensitgata for SAE 1045 steel

5.3.2 Crack Opening Stress Levels under Service Loa  ding Histories

The crack opening stresses for SAE 1045 steel wex@sured under the SAE Grapple Skidder
History and the SAE Log Skidder History. The meadwalues were then compared with the calculated

crack opening stresses obtained from the cracktgrowodel.

5.3.2.1 Crack Opening Stresses of SAE 1045 Steel un der the SAE Log Skidder History

The crack opening stresses were measured for SAB $teel under the SAE Log Skidder
History. The loading spectrum was scaled to a mawirstress of 410 MPa and a minimum stress of -412
MPa. The crack opening stresses were measured afigx short focal length optical video microscope

for different cycles and at convenient crack lesgth
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Figure 5.16 shows the nominal applied stress hidtmgether with the calculated crack opening stess

using the crack growth model and the measured apeking stresses.
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Figure 5.16 Calculated and measured crack opening stressies SAE 1045 steel under the SAE Log
Skidder History scaled to a maximum stress of 410 Fa
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5.3.2.2 Crack Opening Stresses of SAE 1045 Steel un der the SAE Grapple Skidder History

The crack opening stresses were measured for SAE d@el under the SAE Grapple Skidder
History scaled to a maximum stress of 470 MPa amin@mum stress of -352 MPa. The crack opening
stresses were measured using a 900x short foggthl@ptical video microscope for different cyclesla
at convenient crack lengths. Figure 5.17 showsnthminal applied stress history together with the

calculated crack opening stresses using the craektly model and the measured crack opening stresses
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Figure 5.17 Calculated and measured crack opening stressées SAE 1045 steel under the SAE

Grapple Skidder History scaled to a maximum stressf 470 MPa
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5.3.3 Fatigue Life Predictions for Service Load His  tories using the Crack Growth Model

Fatigue life predictions based on the crack gromtidel are presented in this section under the
two service load histories (the Log Skidder Histand the Grapple Skidder History). Each history was
scaled to give various maximum stress ranges apliedpto a notched specimen (0.3 mm radius) under

stress control. The predicted lives were then caathto the experimental values.

5.3.3.1 Results for the Log Skidder History

11 fatigue tests were performed on notched specdmender different scaled values of the Log
Skidder history. Figure 5.18 shows the predictéddi@ lives using the crack growth model togeth&hw
the experimental fatigue lives for the Log Skidtestory.
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Figure 5.18 Experimental and predicted fatigue lives vers maximum stress for SAE 1045 steel
subjected to the Log Skidder History
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5.3.3.2 Results for the Grapple Skidder History

16 Fatigue tests were performed on notched spesirneder different scaled values of the
Grapple Skidder history. Figure 5.19 shows the ipted fatigue lives using the crack growth model
together with the experimental fatigue lives foe thog Skidder history.
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Figure 5.19 Experimental and predicted fatigue lives verssimaximum stress for SAE 1045 steel
subjected to the Grapple Skidder History
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Chapter 6
Experimental Results for AISI 8822 Steel

6.1 Introduction

The experimental results for AISI 8822 steel arespnted in this chapter. The monotonic and
cyclic stress-strain curves as well as the mechapioperties for this material are presented iaptér 3
Section 3.1.3. The results in this chapter inclali¢he tests performed to develop the effectivaistlife
model. However and due to the hardness of the nf@@aHRC) crack opening stress measurements and
fatigue crack growth rate measurements were noerfadthis material because attempts to obtairelarg

enough cracks to permit optical measurements witliaaturing the specimen were unsuccessful.
6.2 Effective Strain-Life Curve

6.2.1 Strain-Life Curve

The strain-life curve was constructed from 24 gxtainstant amplitude, fully reversed (R = -1)
strain-controlled fatigue tests (Table 6.1) usingeavo-controlled closed-loop electro-hydraulictites
machine with a process control computer controbigda software [68] developed at the University of
Waterloo to output constant strain or load ampésith the form of sinusoidal waveSpecimen failure
was defined as a 50% drop in the tensile peak fimad the peak tensile load observed at one halfief
expected specimen life. In strain controlled tetis,loading frequency varied from 0.05 Hz to 3 Har
fatigue lives greater than 100,000 reversals thexisgens were tested in load control. For the load-
controlled tests, failure was defined as the sejoaraf the specimen into two pieces. The testdespy
used in this case was 70 Hz. Figure 6.1 showsxperenental fatigue data and the fitted total siiée

curve.
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Table 6.1 Constant amplitude strain-life data for AISI 882 steel

True plastic True elastic

True strain True stress _ _ Fatigue life
Test # amplitude amplitude Strém Strém (reversals to
amplitude amplitude _
(%) (MPa) %) %) failure)

1 0.526 1035 0.000 0.526 222

2 0.529 1093 0.000 0.529 368

3 0.523 1068 0.000 0.523 1,090

4 0.506 1044 0.000 0.506 710

5 0.474 997 0.000 0.474 2,354

6 0.473 982 0.000 0.473 2,828

7 0.474 974 0.000 0.474 1,840

8 0.450 900 0.000 0.450 3,276

9 0.401 809 0.000 0.401 2,820

10 0.399 809 0.000 0.399 27,538

11 0.405 808 0.000 0.405 23,874

12 0.374 790 0.000 0.374 8,120

13 0.349 706 0.000 0.349 15,348

14 0.349 704 0.000 0.349 25,846

15 0.352 693 0.000 0.352 65,610

16 0.298 602 0.000 0.298 255,128

17 0.299 613 0.000 0.299 2,805,890

18 0.300 613 0.000 0.300 *10,000,000

19 0.273 577 0.000 0.273 168,306

20 0.276 562 0.000 0.276 *10,000,000

21 0.276 556 0.000 0.276 126,558

22 0.250 489 0.000 0.250 *10,000,000

23 0.248 511 0.000 0.248 *10,000,000

24 0.250 508 0.000 0.250 *10,000,000

*Run-Out Tests
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Figure 6.1 Fitted strain-life curve for AISI 8822 steel

6.2.2 Underload Fatigue Data and the Effective Str  ain-Life Curve

The effective strain-life curve wasided from mean stress tests and periodic underfaidgue
tests performed under stress control. The periadierload fatigue tests consisted of a repeatedl loa
cycle block of a single underload cycle followed d&@yumber of smaller load cycles that had the same
maximum stress as the underload cycle. This bloak then repeated until the specimen failed. The
underload cycle in this work was set equal to thly feversed constant amplitude stress level gage a
fatigue life of 10,000 cycles (866 MPa). The numbksmall cycles in the loading block was chosen so
that they were responsible for 80 to 90% of the alganto the specimen and that they were free from
crack closure. Table 6.2 shows the underload fatigats configuration.

The mean stress tests were conducteevieral series. In each series of tests, the maxistuess
had a constant value of 1200 MPa and the strege naas lowered for each specimen by changing the
minimum stress until the fatigue limit was reach&de minimum stress varied from 581 MPa to 4 MPa.
Table 6.3 shows the mean stress test informatiothé&AIS| 8822 steel.
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The periodic underload fatigue datd #re mean stress tests for the AIS| 8822 stedliseas
are shown in Figure 6.2 together with the constanplitude strain-life curve. The derived effective
strain-life curve is shown in Figure 6.3, the camssA, andb in the effective strain-life curve equation
(Eg. 2.11) were found to be 1.3 and -0.13 respelgtivi he intrinsic strain rangd,«;, which made the

curve ofE As* values (calculated from Eq. 2.8%. Ny linear on logarithmic scales was found to be

0.09%.

Table 6.2 Underload fatigue tests for AISI 8822 steel

Underload cycle
866 MPa in tension

-866 MPa in compression

Small cycles
Test Stress Strain Number of Number of Equivalent
amplitude amplitude  small cycles Failure life underload cycles to
(MPa) (%) in the block cycles failure

1 511 0.24 100 35,432 351 36,357

2 481 0.23 80 25,572 316 26,080

3 361 0.17 250 81,950 326 84,375

4 301 0.14 5,000 *5,000,000 1,000 *5,000,000
5 331 0.16 5,000 240,525 48 241,637
6 319 0.15 5,000 *5,000,000 1,000 *5,000,000
7 325 0.16 5,000 *5,000,000 1,000 *5,000,000
8 451 0.22 3,000 30,030 10 30,050

9 421 0.20 3,000 51,743 17 51,814
10 349 0.17 50 23,952 470 24,640
11 337 0.16 1,000 32,258 32 32,329

*Run-Out Tests
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Table 6.3 Mean stress test results for AlS| 8822 steel

Test# Maximum stress Minimum stress Effective strain range Failure life
es
amplitude (MPa) amplitude (MPa) (%) (cycles)
1 1200 4 0.57 34,000
2 1200 113 0.52 472,560
3 1200 178 0.49 2,802
4 1200 291 0.44 5,620
5 1200 369 0.40 67,996
6 1200 496 0.34 6,526
7 1200 556 0.31 14,064
8 1200 581 0.30 1,076,266
2.0 .
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Figure 6.2 Underload fatigue and mean stress data for AIS3822 steel
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Figure 6.3 Fitted effective strain-life curve for AISI 882 steel

6.2.3 Steady State Crack Opening Stresses

Steady state crack opening stresses were modeied DsiQuesnay’s equation (Eq. 2.3). As
mentioned previously crack opening stress measuresnveere not obtained for this material, rather the
steady state crack opening stresses were obtaioctifie constant amplitude and the effective stiiéen
curve (see Chapter 2, Section 2.2.6.2 for the phaeeused). Figure 6.4 shows the crack openingssse
derived from the constant amplitude and effectivaiis-life curves together with crack opening stess

obtained from DuQuesnay’s equation (Eq. 2.3). W@ ¢tonstant® ande in Eq. 2.3 were found to be
0.05 and 0.2 respectively.
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Figure 6.4 Steady state crack opening stress estimates ided from smooth specimen data fitted to

DuQuesnay'’s equation for AlSI 8822 steel

6.2.4 Determining the Crack Closure Parameter “m”

Smooth specimens were tested under load histoitesintermittent underloads and a fixed level
of strain in the intervening constant amplitudelegcThe frequency of occurrence of the underloeas
varied from test to test and the changes in fatigaevere observed. Table 6.3 shows the testdtsesu
The changes in damage per block were then useetéondine the value of the closure model parameter
“m’ in Eg. 2.4 that described the recovery of theckrapening stress to its steady state level. The
experimental work in this section consisted of 8enoad fatigue tests where the underload cyclesgts
equal to 1100 MPa in tension and -1100 MPa in cesgion, and the range of the small cycles wa®set t
600 MPa. During these tests only the number of lsrogtles per block was varied and their
corresponding damage was calculated by subtrattimglamage due to the underloads from unity. After
calculating the equivalent damage done by the styalks, the damage per cycle was plotted agdiest t
number of small cycles per block (Figure 6.5). Ehdata were then fitted by iteratively assuming “
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values and calculating the crack opening stresgdch small cycle in the loading block using Ed. 2.

Then the value of,, - Snin/ E) (WhereS,, is the crack opening stres$,, is the minimum stress of the

small cycles in the loading block, aldis the modulus of elasticity) was subtracted from (the total

strain range) for each cycle to obtain the effecttrain rangeAc.s). The damage was then calculated by

entering4 e in the effective strain-life curve shown in Figuse3. The damage per cycle was then

summed up and divided by the number of small cypsblock to obtain the average damage per cycle.

The value of i’ was iteratively varied to obtain a good fit ofetltalculated curves to the measured

average damage per block. For this material a vafum = 0.0009 gave a good fit to the measured

damage per cycle versus number of small cycleblpek (see Figure 6.5).

Table 6.4 Damage tests configuration for AISI 8822 steel

Underload cycle
1100 MPa in tension

-1100 MPa in compression

Small cycles
Number
) Number Damage ] Damage
Stress Strain of small _ Equivalent Number
Test _ _ Failure of done by done by
amplitude amplitude cycles _ cycles to of
_ life underload small _ each
(MPa) (%) in the failure blocks
cycles cycles cycle
block
1 500 0.24 30 17,096 551 0.94 17,510 551 5.7E-05
2 500 0.24 50 14,728 289 0.97 14,869 289 6.7E-05
3 500 0.24 100 23,730 235 0.98 24,060 235 4.2E-05
4 500 0.24 500 15,327 31 0.98 15,344 31 6.5E-05
5 500 0.24 1,000 41,580 42  0.97 41,713 42 2.4E-05
6 500 0.24 5,000 66,976 13 0.97 67,050 13 1.5E-05
7 500 0.24 10,000 46,686 5 0.95 46,704 5 2.1E-05
8 500 0.24 100,000 132,420 1 0.98 132,432 7.6E-06
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Figure 6.5 Fitted “m” to damage calculations for AlS| 8822 steel

6.2.5 Fatigue Life Predictions for Service Load His  tories
In this section a model that used the effectivaistlife curve and thas* damage parameter was

used to predict fatigue lives for tests under twoviee load histories. Each history was scaledive g

various maximum stress ranges and applied to atbnspecimen under stress control.
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6.2.5.1 Results for the Log Skidder History

In this part, 11 fatigue tests were performed onaim specimens under different scaled values of
the Log Skidder history. Figure 6.6 shows the priedi fatigue lives using the effective strain-ifedel
together with the experimental fatigue lives.
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Figure 6.6 Experimental and predicted fatigue lives versusnaximum stress for AISI 8822 steel
subjected to the Log Skidder History
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6.2.5.2 Results for the Grapple Skidder History

8 fatigue tests were performed on AISI 8822 smapécimens under different scaled Grapple
Skidder Histories. The history consisted of 41,t@2ersals and in each test different scaled maximum
stress amplitudes were applied. Figure 6.7 showptadicted fatigue lives using the effective stide

model together with the experimental fatigue lives.
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Figure 6.7 Experimental and predicted fatigue lives versusnaximum stress for AISI 8822 steel
subjected to the Grapple Skidder History
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Chapter 7

Discussion

One of the aims of this investigation was to rethes crack closure levels experienced in metals

under variable amplitude loading with the matesialyclic deformation resistance which in turn imses

with metal hardness. The parameters of the craduoé models suggested in this thesis are compared

three different metals of varying hardness lewetsuding the very hard carburized steel (AISI 8822

having a hardness level for which no crack opesingss data for small cracks has yet been obtamed

the very soft DP 590 metal. Table 7.1 summarizesntiechanical (monotonic and cyclic) properties of

the three metals as obtained in this investigation.

Table 7.1 Mechanical properties of the three steels usad this investigation

Mechanical Properties Units DP590 SAE 1045 AISI&?2
Elastic Modulus, E MPa 209,000 205,000 209,000
Yield Strengths,, MPa 349 1200 -
Ultimate Tensile Strengtls,, MPa 623 1271 1480
True Fracture Stress; MPa 743 1879 1480
True Fracture Strain % 76 56 0.87
% Elongation % 34 14 0.87
% Reduction of Area % 53 43 -
Monotonic Tensile Strength Coefficieiq, MPa 730 1470 -
Monotonic Tensile Strain Hardening Exponemt, 0.12 0.033 -
Cyclic Yield Strength, (0.2% offset)=K’(0.002) n’ MPa 338 767 -
Cyclic Strength Coefficient’ MPa 949 1410 -
Cyclic Strain Hardening Exponemt, 0.166 0.098 -
Fatigue Strength Coefficient;; MPa 806 1813 2234
Fatigue Strength Exponer, - -0.083 -0.094 -0.109
Fatigue Ductility Coefficients’s - 0.351 0.577 -
Fatigue Ductility Exponent - -0.5 -0.6 -
Hardness, Rockwell C HRC 6 35 60
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7.1 Steady State Crack Opening Stresses

A steady state condition of crack closure is redolben the residual plastic deformations and
crack closure along the crack surfaces are fullelbped and stabilized under steady state loading (
constant amplitude loading) [71]. A number of reshars have provided analytical or finite element
solutions for steady state crack closure at higgsses [72]. McEvily and Minakawa [73] showed tioat
a crack propagating under constant amplitude lgaditosure builds-up to a steady state level within
several hundred microns of growth, and it remairihia level for most of the fatigue life. Newmard]
developed crack opening stress equations for canstaplitude loading from crack closure model
calculations for a middle-crack tension specimeis.odel proposed an analytical formulation based o
the Dugdale model but modified to leave plasticdiyormed material in the wake of the advancinglcra
tip. However as mentioned previously, the steadjestrack opening stresses in this investigatiore we
modeled using the DuQuesnay et al. equation [42] telates the steady state crack opening stresses

under constant amplitude loading to the maximumraimdmum stresses applied:

2

g,

Sopss = 0 Tmax 1_[ ;ax} +@ O min (Eq. 7.1)
y

Whereomax andomin, are the nominal maximum and minimum stressessmaoth specimen, or the local
maximum and minimum stresses at the notch root motahed specimen respectivedy.is a material
constant ané ando are two experimentally determined constants fonaterial. The first constam)(is
related to the height of the stretched materiadjit zone size) in the crack wake compared t@ithek
opening, and the second constapj {s related to the reduction of the stretch by mi@imum stress.
Table 7.2 and Figure 7.1 show the variation of éhesnstants with metal hardness for the threedeste
steels. Figure 7.2 shows the variations of thekcogening stresses calculated using Eq. 7.1 asgutimn

same maximum and minimum (100 MPa) stresses for the three steels tested.

116



Table 7.2 Values of DuQuesnay’s constants for the thregpes of tested steels

Parameters DP 590 SAE 1045 AISI 8822
Constant 0 0.9 0.64 0.05
Constant ¢ 0.05 0.1 0.2
Hardness - HRC 6 35 60

1 0.25

=—&—\/ariation of DuQuesnay's Constants (Eq. 7.1) withM  etal Hardness - 0
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In Figure 7.2, the steady state crack openingstlesreases with metal hardness, it is important
here to understand that when the applied maximuessis far below the yield limit, a small scalagtic
zone is formed ahead of the crack tip. This ptambine is embedded in a surrounding elastic figltthv
produces residual clamping stresses on the matettlaé crack wake. This results in a crack operaing
stress level above zero load. However as the mamwisitess increases the plastic zone ahead ofdlk cr
extends and the residual elastic stresses become neimote and less effective until the yield strigss
reached. In this case the whole cross section felded and the crack remains stretched open on
unloading and a compressive stress is requiretbse ¢he crack. This kind of behaviour was obsefeed
DP 590 steel and for the SAE 1045 steel (Figurg. T.Be crack opening stress first increased with th
maximum stress in a stress cycle and then levelfiedt about one half of the material yield strafter
which it decreased until it fell below zero whem fhlastic zone at the crack tip expanded rapidlthas

material yield stress was approached. However Hier AISI 8822 steel (the metal with the highest
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hardness) the steady crack opening stresses Wweregakive even at low maximum stresses (Figue 7.
This is attributed to there being almost no plagtake to cause crack closure even at positivessires
this material and the crack opening stresses beidgced to a negative stress level by the minimum
compressive stresses that caused crushing of eepgfiattening of the crack wake and bulging eesyt
increase in magnitude. Moreover, the first cons{@jtin Eq. 7.1 tends to decrease with increasing
hardness and this can be explained by the facttlieaplastic zone size is inversely proportionathe
material’s yield limit that tends to be higher farder metals. Therefore as the metal gets hatslgield
stress increases and consequently the size oflabegpzone and the size of the plastic wake thases

crack closure decreases.

7.2 Variation of the Crack Opening Stresses aftert  he Application of Underloads

In the early 1960’s, load interaction effects wérst recognized [75] and [76]. The application aof
single overload was observed to cause a decredle @rack growth rate. This phenomenon is ternsed a
crack retardation. As discussed previously a tensilerload in a constant amplitude fatigue test wil
result in an increase in the plastic zone sizethadensile stretch in front of the crack tip ampared to
the baseline cyclic loading. The plastically defedmmaterial ahead of the crack tip will tend toké®e
crack open causing a decrease in the crack opetiags magnitudek,,. This will then result in an
increased crack growth rate. However as the craolwg into the overload plastic zone the stretched
material will increase the height of the plastickeaand the crack opening stress and decrease the
effective stress and effective stress intensityolaand the crack growth rate will decrease. Onatiner
hand, compressive near yield limit underloads redhe crack opening stress and until it recoveiitsto
steady state level, crack growth is acceleratefl M3&vani and Topper [52] showed that the appigrat
of a compressive near yield limit underload contrés to the flattening of the asperities in thekraake

that are responsible for roughness induced craxdupk and accelerated crack growth.

In this investigation the variation in the crackeamg stresses after the application of a nead Yilit
underload cycle was modeled using the steady statk opening stress (Eq. 7.1) and the stress-bpild

equation (Eq. 7.2):
ASop = rT( %pss_ %l) (Eq. 7.2)

WhereAS,, is the change in crack opening strelgssis the steady state crack opening str&gss the
current crack opening stress, ands a material constant obtained through a seriedanfage tests that

will be discussed in the next section. The equadinove describes the crack opening stress buitd-itp
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steady state condition after the application ofuaderload. Figures 7.4 and 7.5 show the immediate
decrease in the crack opening stress from its gt&ate level after the application of an underlt@adP

590 and SAE 1045 steels respectively. Then witth&urcycling the crack opening stress builds-up and
returns to its steady state level assuming no moderloads are applied. It is worth mentioning hbed
although in the previous section it was shown #tabrding to Eq. 7.1 (steady state crack openmegst
equation), the value of the crack opening strefseBP 590 steel were higher than for the SAE 1045
steel and examining Figures 7.4 and 7.5 we sedltbaitress at which the crack opened for DP 586l st
immediately after the application of an underlo&89(MPa) was lower than the stress for SAE 1048&l ste
(31 MPa). The reason for this is that at the higdawload stress level the DP 590 steel experieaced
significant amount of plasticity. Under these cdiodis the crack closing stress is lower than tlaekcr
opening stress. Such a difference between the opeking stresses and the crack closure streseedl is
documented in a research paper by McClung et &|. [Fhey tested SAE 1026 steel under constant
amplitude and block loading fatigue histories amticed a significant difference in the crack opgnin
stresses and crack closure stresses for high dtistiories. Similar behaviour was also reportedhia
work of Newman [74] where he observed that thelc@mening and closing levels are similar for low
strain histories but may differ widely at high stisa Vorwald and Seegar [56] noted that when thes
plasticity in the stress-strain loop the openingl aiosing strains were about the same, but sinee th
closing strain occurred on the lower branch of higsteresis loop it was much lower in stress than th
opening strain. Equation 7.1 gives estimates ofctlagk opening stresses that are closer to thek crac
opening stresses than to the crack closing strésshe presence of plasticity in the stress-stlaap but

the actual opening after the underload cycle thetower crack closing stress.
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7.3 Variation of the Crack Closure Parameter “m” in the Stress Build-Up Equation

The crack closure parameten™in Eq. 7.2 was different for the three types ted (Table 7.3).
This parameter describes the recovery of the cogmning stress to its steady state level after the

application of an underload.

Table 7.3 Values of the closure parameterth” for the three tested steels

Parameter DP 590 SAE 1045 AISI 8822
Closure Parametem 0.023 0.008 0.0009
Hardness - HRC 6 35 60

It is obvious from the results above that the wtesparametefm” decreases with increasing
material hardness. A similar trend was reportedliKled al. [78] who tested SAE 1045 steel in as-
received condition and in a quenched and tempeoaditon and found that the closure parameter
decreased with increasing hardness of the metaéxpected the decrease in the crack closure pagamet
"m" (that represents the change in the difference dmvihe steady state crack opening stress and the
current crack opening stress) with increasing hesdried to a corresponding increase in the number o
cycles needed for the crack opening stress to reatbady state level after an underload. The mrgamf
the crack opening stresses to a steady state flaveDP 590 steel, SAE 1045 steel and AlSI 8822Iste
are shown in Figures 7.4, 7.5, and 7.6 respectividig DP 590 steel took about 600 small cycles (200
MPa in tension and -200 MPa in compression) tovecto its steady state level. The SAE 1045 took
about 1800 small cycles (200 MPa in tension an@ M@a in compression) to reach its steady statd lev
and AISI 8822 steel took almost 10,000 small cy¢R89 MPa in tension and -200 MPa in compression)

to reach the steady state crack opening stresk leve

* The crack opening stresses were not measured\f8r steel, the data shown in Figure 7.6 were
obtained by calculating the crack opening and bujidstresses using Eq. 7.1 and 7.2 and the material

constants obtained from experimental tests.
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Figure 7.6 The decrease of the crack opening stress aftére application of an underload and the

stress build-up to a steady state level for AISI 82 steel

7.4 Damage Tests used to Obtain the Parameter "m" in the Stress Build-Up
Equation

One of the main goals of this thesis was to devealopw test procedure for obtaining data on the
return of the crack opening stress to its steadyestevel following an underload. These tests were
introduced in Chapter 3, Section 3.3.3.2 where smepecimens were tested under load histories avith
fixed small cycle load range and intermittent uhoBets. The frequency of occurrence of the undedoad
was varied from test to test and the changes irfatigue lives were observed. The changes in damage
per block were then used to determine the valuthefclosure model parametén” in Eq. 7.2 that
described the recovery of the crack opening stiess steady state level. Previous work [79] alsed
Eq. 7.2 to predict the changes in the crack opestrgsses, however the paramétal was obtained
through a series of crack opening stress measutenvelnere the test was stopped at a certain nuofber

cycles and the specimen was removed from the tashime and the crack opening stress was measured
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using an optical and a confocal scanning laseras@pe. This procedure was extremely time consuming
and was replaced in this investigation by the damagts. The results of these tests are showigurds

4.8, 5.8 and 6.5 for DP 590, SAE 1045 and AISI 88&&l respectively. The methodology is explained
with reference to the damage per cycle for DP 5@@elssersus the number of small cycles per block
shown below in Figure 7.7. In region "A-B" the dage per cycle is constant since the crack opening
stress &) is below the minimum stres&,) of the small cycles and therefore the stresseasfghe
small cycles is fully effective and is given by:

ASt = Snax-Snin (Jin < Sop) (Eq. 7.3)
whereASy is the effective stress range of the small cyc®sl S, is the maximum stress of the small
cycles. However with further cycling, the crack ojpg stress&,) builds-up until at the beginning of
region "B-C" the crack opening stress becomestlems the minimum stress and therefore the effective
stress range of the small cycles starts to decreaskethe damage done by these cycles then desrease
until the crack opening stress reaches its stetady kevel. The effective stress range of the smalles

in this region is given by:

ASs = Snax-Sop (Rin> Sop) (Eq. 7.4)

In region "C”, the crack opening stress has readfsesteady state level and the effective stresgaaf

the small cycles and the damage per cycle remainstant with further cycling. The effective stress

range of the small cycles in this region is givgn b
Aséff = Snax'S)p (%in > Sop) (Eq 75)
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Figure 7.7 Damage per cycle versus the number of small dgs per block for DP 590 steel

7.5 Modeling the Changes in the Crack Opening Stres

Amplitude Loading

Fatigue lives under variable amplitude loading evgaredicted using two models in this

ses under Variable

investigation; the effective strain-life fatigue deb (Chapter, Section 2.2), and the effective cigrckvth

model (Chapter 2, Section 2.3). One of the mainpmments common to both models is predicting the

crack opening stresses for each cycle in the lastdrly. Previous sections in this chapter (Sectipris

through 7.4), have discussed the variation of tiaglkcopening stresses for each material and haye lar
near yield limit cycles present in random historg@s cause a severe decrease in the crack opening
stresses and an increase in the crack growth rdatetbe damage of subsequent smaller cycles. deror

to predict the crack opening stresses in both efrttodels several conditions on how to calculate the

crack opening stresses were presented in ChapBercipn 2.2.8 and are restated below:
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1. For the first closed loop cycle, the value of tlieady state crack opening streSs,f) was

calculated using Eq. 7.1.

2. For other closed loop cycles that followed, theckrapening stressS(;) was calculated based on

the following assumptions:

* Using Eq. 7.1, the crack opening stress levels weoeleled assuming that the crack
opening stress for a given cycle instantaneoustyedesed to the constant amplitude steady
state level for that cycle if this steady stateckrapening stressS(,s) was lower than the

current opening stres&().

« If the steady state crack opening streé®g:§ was higher than the current opening stress
(%), the crack opening stress in the current cycliovieed the exponential build up
formula of Eq. 7.2 unless the range of stress endycle was below the intrinsic stress
range, or the maximum stress in the cycle was belew in which case it didn’'t change
because the crack would not advance to cause gelianhe crack opening stress ( these
cycles for which there was no crack growth wereused in calculating the crack opening

stress build up).

» If the above condition did not apply, the crack mipg stress increment calculated using

Eq. 7.2 was added to the current level to giveoiening stress at the end of the cycle.
» This procedure was repeated for each cycle inahé history.

* In summary, Eq. 7.1 together with Eq. 7.2 were usechlculate the crack opening stress
levels for a cycle. If the stress level obtainearfrEq. 7.1 was below the current stress
level, the crack opening stress was lowered tac#heulated level. If the level was higher,

the crack opening stress was increased by the grgouem by Eq. 7.2

In order to validate these conditions, direct meaments of the crack opening stresses were
presented in Chapters 4 and 5 for DP 590 and SAE Bieel where they were compared with the
calculated values under the Log Skidder and the@eaSkidder Histories at different cycle numbdns.
Figure 7.8 the calculated and the measured craeking stresses are shown for a range between 3000
and 10, 000 reversals for DP 590 steel under tlieSladder History scaled to a maximum of 410 MPa.
Table 7.4 shows a comparison for the calculateckoppening stresses and all the measured values und
the Log Skidder History.
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Table 7.4 Calculated crack opening stresses and measuredhck opening stresses for DP 590 steel

tested under the Log Skidder History

Reversal number Calculaté&g, (MPa) Measure&,,(MPa)
150 55 69
175 25 23
270 -23 -10

1,000 43 23
2,000 0 13
2,520 63 52
2,580 -15 -3
3,000 45 41
4,000 0 21
4,063 84 61
5,000 67 44
6,000 40 32
6,410 -12 0

7,000 32 49
7,840 15 12
8,000 65 71
9,000 100 86
9,170 -25 -9
10,000 86 95
10,090 -5 4

11,520 90 83
11,580 -2 7

12,000 55 67
14,000 30 30
16,000 10 41
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Figure 7.9 shows the direct measurements for tla@e Skidder History scaled to a maximum of 470
MPa together with the calculated values obtainedf® 590 steel between 1 and 10,000 reversalsll A fu

comparison of the calculated crack opening stremsdsneasured one are presented in Table 7.5.
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Figure 7.9 Calculated and measured crack opening stressts DP 590 steel between 1 and 10,000

reversals under the Grapple Skidder History scaledo a maximum of 470 MPa
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Table 7.5 Calculated crack opening stresses and measuredhck opening stresses for DP 590 steel

under the Grapple Skidder History

Reversal number Calculaté&g, (MPa) Measure&,, (MPa)
200 0 -3
1,733 49 61
1,734 20 24
2,513 78 61
2,514 -10 3
4,009 45 64
4,010 23 64
5,009 90 84
5,010 0 16
6,363 66 55
6,364 0 10
8,009 54 48
8,010 -5 48
10,395 11 15
13,122 24 19
14,703 50 60
14,704 -5 -1
15,721 42 50
17,842 79 69
17,843 40 34
18,801 54 51
18,802 32 16
21,992 54 41
21,993 0 7
24,113 74 74
26,715 84 34
26,716 22 34
29,142 45 38
30,950 85 70
31,260 -1 3
32,193 28 39
33,387 15 18
35,370 79 69
35,662 33 40
37,189 68 64
37,346 -3 0
38,107 23 37
39,540 64 50
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For the two different histories above, the cracleripg stress decreased when the specimen was
subjected to a large underload cycle and then-bpilagain during subsequent smaller cycles. Taekcr
opening stress build-up was modeled using the exqu@l build-up formula (Eg. 7.2) in which the
increase of the crack opening stress during eache dn the load history was proportional to the
difference between the current crack opening stiedshe steady state crack opening stress ofjiben
cycle. Similar behaviour was obtained for SAE 1@&el, Figure 7.10 shows the calculated and the
measured crack opening stresses under Log Skiddtaridscaled to a maximum of 410 MPa for a range
between 3000 and 10,000 reversals and Figure dvssthe results for the Grapple Log Skidder hystor
scaled to a maximum of 470 MPa. Tables 7.6, 7&,,ahd 7.9 show the results of the calculated bad t
measured values of the crack opening stresses uhedrog Skidder and Grapple Skidder Histories
respectively.
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Figure 7.10 Calculated and measured crack opening stressis SAE 1045 steel between 3000 and
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10,000 reversals under the Log Skidder History scat to a maximum of 410 MPa
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Table 7.6 Calculated crack opening stresses and measuredack opening stresses for SAE 1045

steel tested under the Log Skidder History

Reversal number Calculaté&g, (MPa) Measure&,, (MPa)
150 22 4
175 10 10
270 -23 11
850 -44 -35

2,000 0 1
2,520 22 -11
2,580 -15 -13
2,639 -84 -64
2,818 19 5
2,887 -61 -71
3,040 24 -5
4,063 -13 -11
4,258 13 10
4,890 5 6
5,221 11 3
5,277 -41 -34
5,303 -110 -150
5,568 19 3
6,410 -12 -10
7,000 11 11
7,840 -2 -12
8,563 -26 -8
9,160 -72 -65
9,170 -25 -64
9,567 -148 -137
9,821 0 5
10,090 -5 2
10,820 23 31
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Table 7.7 Calculated crack opening stresses and measurethck opening stresses for SAE 1045

steel tested under the Log Skidder History — Contined

11,106 40 36
11,566 -129 -121
11,580 18 -110
11,651 -156 -148
11,920 1 -11
12,316 -12 -14
13,051 -44 -49
16,000 10 14
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Figure 7.11 Calculated and measured crack opening stressis SAE 1045 steel between 5000 and
30,000 reversals under the Grapple Skidder Historgcaled to a maximum of 470 MPa
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Table 7.8 Calculated crack opening stresses and measuredack opening stresses for SAE 1045

steel under the Grapple Skidder History

Reversal number Calculaté&g, (MPa) Measure&,, (MPa)
500 0 4
999 0 17

1,000 -20 17
3,343 50 31
3,345 -20 -8
7,736 63 49
9,610 25 6
10,517 10 19
10,518 -101 -132
13,321 -85 -104
15,899 -27 -24
16,001 -34 -24
18,512 0 -11
22,286 57 30
25,000 67 51
26,369 69 58
26,378 22 58
28,714 16 18
30,999 65 46
31,169 21 26
33,969 43 32
34,250 21 -3
36,660 25 9
36,860 -1 -10
39,508 14 28
500 0 4
999 0 17
1,000 -20 17
3,343 50 31
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Table 7.9 Calculated crack opening stresses and measuredack opening stresses for SAE 1045

steel under the Grapple Skidder History — Continued

3,345 20 8
7,736 63 49
9,610 25 6
10,517 10 19
10,518 -101 -132
13,321 -85 -104
15,899 27 24

Comparing the results for the two materials, weceothat the SAE 1045 crack opening stresses were
lower than for DP 590 steel under the same scaleximum load history (410 MPa). The effect of

underloads in SAE 1045 was more severe and the@egcwas slower than for the DP 590 steel.
7.6 The Effective Strain-Life Fatigue Model

7.6.1 The Effective Strain-Life Curve

The usual analysis procedure for variable ampditfatigue calculates fatigue damage based on
constant amplitude strain controlled fatigue tesftssmooth specimens. The resulting predictions are
typically non-conservative for cracks growing fremtches due to the load interaction effect in \eia
amplitude loading. Large load cycles in variablepiitade loading decrease the crack opening stresses
and increase the effective stress for subsequeallesntycles. As a result the crack growth rate and
damage for the smaller cycles is increased and ewmll cycles below the fatigue limit can cause a
significant amount of damage. Previous work at \Wate[63] introduced the effective strain-life cerv
for use in fatigue damage calculations under végiamplitude loading. The effective strain range,
is the strain range for which the fatigue crackopen and is given by the difference between the
maximum strain and the greater of the minimum staithe crack opening strain. This effective strai
range has been shown to be a useful parametecooricfor the effects of mean stress and overlgads
underloads) on damage accumulation [61]. It has bé&en shown that if the effective strain range of
cycle is known, the damage and the fatigue life lmamletermined from the effective strain-life cufoe
a given material. The way the effective strain-lifas derived for the materials used in this ingzdion
was presented in Chapter 2, Section 2.2.6.1. &gd13, 5.3, and 6.3 show the effective straindifeves
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for DP 590, SAE 1045, and AISI 8822 steel respetyivderived from underload fatigue data. The

constants for the effective strain-life curve (Ed) for the three materials are presented in Talle.

A\ b
Aty =—=(N¢)" +Ag
E (Eq. 7.6)
WhereE is the elastic modulus of elasticity ang, is a material’s intrinsic fatigue limit strain rge
below which a fully open crack will not cause fatigdamageA and b are material constants. The

effective strain-life curve can be also rearrangedollows:

Ede = EAe,, — Ede, (Eq. 7.7)

Where;

* _ b
EAs = A(N¢) (Eq. 7.8)

The strain rangde* is the part of the strain range which causes datigrack growth and damage. This

parameter was found to be related to the fatideely a power law [62] shown in Eq. 7.8.

Table 7.10 The effective strain-life constants for thehnree materials

Parameter DP 590 SAE 1045 AlSI 8822
A 87.0 34.2 1.3
b -0.5 -0.39 -0.13
Ag; (%) 0.085 0.27 0.09
Hardness - HRC 6 35 60

It is clear from the table above that the consténémdb in the effective strain-life curve decrease with

increasing material hardness.
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7.6.2 Fatigue Life Predictions using the Effective Strain-Life Model

The effective strain-life curve was used to pretatigue lives under two load histories; the Log
Skidder History and the Grapple Skidder HistoryeThatigue life predictions made with this model
presented in Chapters 4, 5 and 6 showed a goodragre with the experimental fatigues lives. The tes
procedure suggested gave good effective straindéfia and a reasonable estimate of the steady state
crack opening stresses with a reasonable amouestirig.

The effective strain-life curve has been founddequately account for the effects of the undedcadl

mean stresses present in variable histories.

7.7 Fatigue Crack Growth Model

This model as mentioned previously predicts fai¢iues using a fracture mechanics approach
together with models of crack closure for shortckeaemanating from notches. The two fundamental
pieces of material data required for this typeanflysis when applied to notched components are
closure-free crack growth rates vs. stress intgrfgittor range data and crack opening stress vs.
maximum and minimum stress data that extends tditte stress levels encountered in cracks growing

from notches.

7.7.1 Derived Crack Growth Rate Curve and Measured  Crack Growth Rate Data

The procedure used to derive tti@/dN vs.AK.yx was presented in Chapter 2, Section 2.4.5
(whereAKg is the effective stress intensity factor range)egam adequate representation of the closure-
free crack growth measurements shown in Figure fhbd ®P 590 steel and Figure 5.14 for SAE 1045
steel. The effective crack growth curve was exm@ss terms of the effective stress intensity raage

was given by:

R ket 2K

dN (Eq. 711)
Where4K; is the intrinsic stress intensity ran@zandm are two material constants. Table 7.11 shows the
constants for the two steels, and as predicte®Ate 1045 steel has a higher crack growth rate than

DP 590 steel due to the larger crack opening sisessperienced during the service load histories.
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Table 7.11 Variation of the constants in the crack growthrate curves for DP 590 and SAE 1045

steels
Parameter DP 590 SAE 1045
C 5.98E-12 2.8E-10
m 3.3 3.1
Hardness - HRC 6 35

7.7.2 Comparison of the Predicted Fatigue Lives wit h Conventional Fatigue Life

Analysis
Fatigue life predictions for DP 590, SAE 1045, &8I 8822 were made using the conventional strain-
life curve and the Smith-Watson-Topper (SWT) metaess parameter. The results were compared with
the predicted fatigue lives using the effectivaistilife model and experimental data. Figure 7 i@vws a
comparison of the predicted fatigue lives usingeffective strain-life curve and the constant atople
strain-life curve for DP 590 steel under the Logd8kr History together with the experimental result
Figures 7.13 and 14 show the predicted fatiguesliioe SAE 1045 and AISI 8822 steel respectively
using the effective strain-life curve and the difex strain-life curve under the Grapple SkiddestBiiy
together with the experimental results. It is olngidrom the results that the conventional fatigfe |
analysis that is based on the constant amplitudéndtfe data gave seriously non-conservativegiadi
life predictions while the predictions made by thethod used in this thesis that takes into accoratk

opening stress changes due to load level interaati® much more accurate.
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Figure 7.12 Fatigue life predictions using the effectivetrmin-life curve and conventional strain-life
techniques for DP 590 steel subjected to SAE Log 8kler History
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Figure 7.13 Fatigue life predictions using the effectivetrain-life curve and conventional strain-life
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Chapter 8

Conclusions and Future Recommendations

8.1 Conclusions

Smooth and notched samples made of three diffenaérials of different hardnesses, namely
DP 590 steel, SAE 1045 quenched and tempered stedlAIS| 8822 steel were tested to measure the
crack opening stresses and fatigue lives underS#B load histories (SAE Log Skidder History and
SAE Grapple Skidder History). The work in this istigation included fully reversed constant amplgud
fatigue tests, underload fatigue tests where akitloat consisted of a single underload cycle foddvby
a number of smaller load cycles that had the sassdmum stress as the underload cycle was repeated
until the specimen failed, crack opening stress emnagk opening stress build-up measurements made
under different R-ratios, damage tests, closure ¢rack growth rate tests and finally service |bestiory

tests.

It was found that the crack opening stresses deettwhen the specimen was subjected to large
underload cycles that caused yielding of the maltémi the wake of the crack and a flattening ofckra
asperities. Then the crack opening stresses starteuaild-up again during subsequent smaller cyakea
new plastically stretched wake was created. Thddsammetal (AISI 8822 steel) experienced veryelittl
crack closure and crack opening stress levels l@grenough that stress cycles with R-ratios abaé 0

were fully open.

The rate of the recovery of the crack openingsstte its steady state level after the application
an underload was modeled by an exponential builfieapula (Eq. 7.2) in which the increase in crack
opening stress during each cycle was proportiamahe¢ difference between the current crack opening
stress and the steady state crack opening stretgefgiven cycle. It was found that the softestah@P
590 steel) recovered faster and took fewer cydias the harder SAE 1045 and AISI 8822 metals to
return to its steady state level after the appbcadbf an underload. The constam™was found to be
0.023 for the DP 590 steel, 0.008 for the SAE 16&k®l, and 0.0009 for the AISI 8822 steel. This
indicates that the rate of the recovery to a stestdye crack opening stress level after it has been

decreased by an underload is more rapid for safalsiehan for hard metals.

A new test procedure was introduced in this sttalybtain data on the return of the crack
opening stress to a steady state level followingiagherload. Smooth specimens were tested under load
histories with intermittent underloads. The frequenf occurrence of the underloads was varied from

test to test and the changes in the fatigue liver®wbserved. The changes in damage per blocktheme
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used to determine the value of the closure modanpeter fn” in Eq. 7.2 that described the recovery of
the crack opening stress to its steady state |@bal.tests proved to be time efficient and canaepkhe
current tests in which crack opening stress regoiemeasured directly for crack growth specimens
using an optical or confocal scanning laser miaspsc The results obtained from these tests prowded
good accuracy for the build-up of the crack operstigss and its recovery to the steady state fevelll

three steel hardness levels tested in this inweesig

Fatigue life predictions for tests performed un&&E service load histories were made by
DuQuesnay et al. [59]. In their work the crack dpgnstresses were assumed to remain at the lowest
level reached during a load history and that tlvems no recovery to a steady state level. Theirltsesu
gave conservative fatigue life predictions undeawise load histories. In this investigation, thexak
opening stresses were calculated for each cydleeimoad history, and the crack opening stressliupl
was taken into consideration. This together with tise of the effective strain-life curve that uties
effective strain range of a stress-strain cycléeimd of the strain range taken from the constapiiarde
strain-life curve for rain-flow counted stress-girédoops gave a better fatigue life estimates than

fatigue life predictions obtained by [59] for tHede types of steel under the two service loadhést.

Finally the fatigue analysis models proposed irs timvestigation have been shown to give
accurate fatigue life predictions compared to thmn-conservative fatigue lives obtained through
conventional fatigue life analyses (based on comsamplitude strain-life data). The analysis models
were easy to use and the fatigue data requirechptement them came from inexpensive tests. Data on
the recovery of the crack opening stress after rmdtetioad were successfully generated from smooth
specimen overload fatigue tests, and other tegtsreal to implement the effective strain-life modeld
the fatigue crack growth model were obtained fronosth specimen tests at a cost not much greater tha

that required to generate the currently used cohataplitude fatigue data.
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8.2 Recommendations for Future Work - Metal Hardnes s

The materials investigated in this thesis were iy geft, a medium hardness, and a very hard
metal. The soft metal (DP 590 steel) experiencegh heévels of plastic deformation even at very long
fatigue lives (18 cycles). The hard metal (8822 steel) didn't show plastic strain even at a very high
strain amplitude during constant amplitude fatitess. The results of the very soft and very hagthia
should be investigated more by testing other metéts hardnesses that fall between very soft - ongli
and medium -very hard. The results will provide enanderstanding on how the crack opening stresses

after underloads recover to the steady state level.
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Appendix A

Determination of Steady State Crack Opening Stress Constants

Constant amplitude fully reversed fatigue tesi$ anderload fatigue tests were used to determi@e th

constants in DuQuesnay’s model [63] for steadyestedck opening stresses (Eq. A.1).

2

g,

Sopss= 0 Omax 1‘[%} +@ O min (Eq. A1)
y

Wherecmax andon, are the nominal maximum and minimum stressessmaoth specimen, or the local
maximum and minimum stresses at the notch root motahed specimen respectivety.is a material
constant ando are two experimentally determined constants of thaterial. Topper and Lam [61]
proposed that the difference between the straigera a given fatigue life on a fully reversed ¢ans

amplitude fatigue life curvedcc, and that on the effective strain-life cunskesey, is equal to the
difference between the constant amplitude testrmim strain, sy, and the estimated crack opening

strain, «op, in the constant amplitude stress-strain loops Tould be formulated as follows:

Sopss_ Shin
Afcp— D = Eop mn=" =
E (Eq. A.2)
Therefore the estimated constant amplitude craekiog stress,,s) can be written as follows:
Sopss= Snin T BAE cam A€ o (Eg. A.3)

These values 0%, Were then calculated using the constant amplifudlg reversed and underload
fatigue tests (R = -1) and plotted against DuQuesguation (Eq. A.1). The values of the two constan

in Eg. A.1,0 andg, were iteratively changed until a good fit of tRgssvs. $axdata were obtained.
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Appendix B
Obtaining the Crack Closure Damage Parameter “m” in the Stress

Build-Up Equation

Previously [1], the crack closure damage paramatérin the stress build-up equation (Eq. B.1) was
obtained by a series of tests where the crack agestress build-up after the application of an wiodel
was measured using a 900x power short focal leotical video microscope. However these tests were
time consuming and required special equipmentsrtfigihit not be available in every fatigue laboratory

The following equation has been shown to give aldido the change in crack opening stress pelecyc

ASop = %pss_ %l) (Eg. B.1)

whereAS,; is the change in crack opening stre&gssis the steady state crack opening str&gsis the
current crack opening stress, amd' is a material constant.

In this work a new test procedure for obtaining tomstant ' was introduced (Chapter 3,
Section 3.3.3.2). In these tests a block of loadiiistpry consisting of an underload of stress ylatit
was applied followed by constant amplitude cyclEse stress range of the small cycles as well as the
underload cycle was kept constant throughout thestend only the number of small cycles per block
was changed. The aim of these tests was to moelelaimage done by the small cycles and obtain & valu

of “m" by comparing it to the damage obtained by apglyire effective strain-life model.

Calculating the Damage of the Small Cycles froméfknental Tests

As mentioned previously a block of a loading higtaras applied to smooth samples until failure. The
block consisted of an underload cycle followed lmnstant amplitude small cycles. For the sake of

illustration, the following example is provided:

Stress amplitude of Stress amplitude of Number of Number of , _
Test Fatigue life
the small cycles  the underload cycle small cycles per underload cycles (cycles)
cycles
(MPa) (MPa) block per block Y
1 220 370 200 1 194,171
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» The number of underload cycles in the loading Inystidl failure was calculated as follows:

_ Fatigue life 194,171
Number of small cycles per bloekl (200+ 1)

Ny =966c¢ycles
» The stress amplitude of the underload cycle waseaioto be the fully reversed constant-amplitude
stress level that would give a fatigue life of XMOcycles in a constant amplitude fatigue

test,therefore the damage done by the underlodd was :

1
10,000

Dy = =0.0001

» Therefore the total damage due to the underloal@€yeas given by:

Ny, _ 966 =0.096€

10,000 10,000

» The damage done by the small cycles was obtainadlfilyacting the damage done by the underloads

from unity:
Dgc =1- D, =1-0.0966= 0.903
» Therefore the equivalent number of small cycles grasn by:

atigue life— Number of underloads194,17+ 966

Equivalent Number of Small CycIesF =213,864cycles
Damage done by small cycles 0.9034

* Number of blocks (the same as the number of unadslin the loading history)in the loading history

was given by :

_ Fatigue life 194,171
Number of small cycles per bloekl (200+ 1)

Ny =966c¢ycles

» Therefore the damage done by a block was :

1 1

= =0.00103¢
Number of blocks 966

Damage per block p=

* The damage per cycle was given as:

149



1 -1 . 0.000004676

- Equivalent number of small cycle?5213,864

Calculating the Damage of the Small Cycles usimg‘m Block Prograni

A short program written in Python was developedcafculate the damacdone by the small cycle

During this process the same block of loading Injstsed in the experimental work was applied arm

damage per cycle was obtain&tgure shows the interface of thm Block Program’

Input Data

Material
Properties

Underload Cycle

Small Cycles

Effective Strain-
Life Curve

eElastic modulus
of elasticity, E

*Cyclic strength
coefficient, K

*Cyclic strain
hardening
exponent, n’

«Maximum stress
amplitude

«Minimum stress
amplitude

Steady state
crack opening
stress

«Maximum stress
amplitude

*Minimum stress
amplitude

«Steady state
crack opening
stress

eConstants : A
and b

* A trial value of
Ilmll

eIntrinsic strain
Range:A«¢;

In performing the fatigudamage calculations the following steps were peréat

1. The local stresses and strains were calculatetthéoapplied loading bloc

2. For the first cycle, the value of the steady stagek opening stresS,,s9 was calculated using E

2.3.

3. For the other following cycles, tichange in the crack opening streSg)(was calculated based

thecrack opening stress biL-up equation (Eq. 2.4) with an assumed valuendf “

4. The increment was theadded to the curreicrack opening stress level glive the opening stress

the end of each cycle.

5. This procedure was repeated for each subsequel® oytl the calculated crack opening str

reached the given steadtatestress.




6. After obtaining the crack opening stress of each cycle, the effective strain range was calculated

using Eq. 2.11.

7. The effective strain range obtained from the previous step was then used to calculate the equivalent
number of cycles using the effective strain-life curve and Eq. 2.12.
8. The damage per block was calculated by taking the reciprocal of the obtained equivalent number of

cycles.
9. The calculated damage was then compared with the experimental damage obtained from the

underload fatigue tests, and the value of “m” was iterated until the damage obtained from the

program fitted the damage obtained from experiments.

Damage per block Stress/strain
Overload 30032 1,000 -
- - -
| -
Maximum stress ann i q .l [l !'
Minimurm stress -an0 1 b - * F]
; 10031 b .
Opening stress 209 i s00 - . ;
. ] ] o ;l'
Steady cycles i * | s F,
Maximum stress ang 0.003 7] ) N l.
Minimurm stress -200 b ° 0 __ u. n’
Opening stress 35.5 : : ;
Humber of cycles =0 1.0029 . i s K
] 1T . .
Material properties i ° 1 = o
] . -300 e *
Elastic madulus, E 205000 10028 — di . .
- -
Hard. Coeff., K 1410.5 ] * - . 13 .
Hard. Exp, n 0.008 4 1 i .
1.0027 — -1.000 —
A o L e e e e e e L B I m s e I e o o e B
: 0 0.02 0.04 0.06 0.08 0.1 -0.015 -0.01 -0.005 0 0.005 001 0.015
Coeff, & 21.58
Epemh 0.3 (OO T e Max. Strain: 0.0145966212735
Interval for 'm’ - Steady Cyc, De: 0.00549996159354
From 0.0001
To 0.1
Mumber of steps 10

Appendix B 1 Interface of the "m Block Program"
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