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ABSTRACT

In spite of thencreasingrendof magnesium (Mggapplication over the last decadeimerous
technical restrictions t i | | 't mit Mg al | oyrisduseyxForenstancev e i mp
many mechanical behaviors BIg alloys are still unknowrwhich make them risky options for
manufacturers who prefer to beell-informed aboutraw materia® c¢c har asotagd i st i C s
maximize their producteliability. Therefore,a comprehensiveharacterization in conjunction
with life assessmentia empirical modelds needed to expanthese alloy8 application A
literature review has revealed the potential of enbaged model® be employed in strairmand
stresscontrolled modeling of wrought alloys. Howeves,t t he best of the auth
study is available yet othe anisotropic fatigue behavi@and modelingof smooth andchotched
ZK60 extrusionwhich is the focapoint of this research.

The quasstatic and straktontrolled fatigue characteristics of ZK60 extrusimave been
investigated along three different directions: the extrusion direction (ED), the radial direction
(RD), and 48 to the extrusion direction(45°). The quasstatic response showed symmetric
behavior for the samples tested along RD arfd @whereas ED samples manifested completely
asymmetric behavioAlthough the ED samples exhibited longer fatigue lives than the RD and
45° in the high cycle dtigue, the fatigue lives in the low cycle fatigue regime were similar.
Microstructural analysis revealed finer grains for ED, thereby higher strength for this direction.
Moreover, the texture measurement indicated a sharp basal texture justifying asyimehetvior
solely alongthe ED direction. Higher tensile mean stress and less dissipated plastic energy per
cycle for the ED samples, acting as two competing factors, were the principal reasthsviog
identical fatigue responsé¢o those of RD and 45n thelow cycle fatigueregime. The fracture
surface in the ED direction was dominated by twin lamellae and profuse twined grains, whereas
slip bands were dominant on the fracture surface in RD direction. -S¥iattonrTopper, as a
critical-plane strairbasectriterion, and Jahe®/arvani(JV), asan energybaseddamagecriterion,
were employed to predict ttlsraincontrolledfatigue lives along all directions using a single set

of material parameters.

Fully reversedstresscontrol condition was also investigated over a wide range efress
amplitudesalongtwo different material directions: E&NdRD. The inplane random texture along

RD promotes activation of twinning/detwinning deformations in both tension and compression



reversals, which brings abous@moidal but neasymmetric shape for hysteresis loops along this
direction. The stresstrain response along ED is asymmetric in tension and compresgeysals

if subjected tohigh-stressamplitudes. The asymmetry is attributed to different defoonati
mechanisms being active in the tension and compression reversals. Overall, loading along ED
yields superior fatigue performancempare to RD. One set of JV coefficients extracted from

the strainrcontrolled tests was employed and successfuthgleledthe anisotropicstresscontrol

fatigue response of the material.

The effectofa mat er i al ob the fatigue esponsetof notched ZK60 extrusiaa
investigated via fully reversed stressntrolled experiments in ED and RD. The anisotropy
observed in the stredie curves of the notched ED and RD samples resemblestibss
controlled fatigue performance of the smooth samples. This observatitnibisted to the higher
strength of EDspecimens, whiclimposes less plastimduceal-damagein the stressontrolled
fatigue experiments. The ED specimens exhibit not only superior fatigue performance but also

higher notchsensitivitywhile loading along R significantly reduces the notch sensitivity.

Vi
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Chapter 1

Introduction

Light-weighting is one of the pivotal steps toward fuel consumption reduction in vehicles and
consequergnvironmental preservatiollagnesium (Mg) alloys, as the lightest engineering metal,
could contribute to this processlowever they must firstbe wel characterized in order to
elucidate their properties for thensportationndustry[1]. The presenstudyis concernedvith
the effect of badingdirection onthefatigue behavior of notched ZK60 extrusasma wrought Mg
alloy. This chapteiintroducesthis thesis irthreesections research motivations, objectives, and

the thesis outline



1.1 Motivation

Environmental concernas well agconomicconsiderations, havshape carmanufacturesd
strategiegoward cutting fuel consumption in vehicles. Reducing weight by adolgimgveight
materialssuch as Mg alloys has been a key approach tewali this goa[1]. In spite of the very
low density (.8 g/cnd) that makes Mg the lightest structural metal, its applications have been
limited. One challenge ahead of applying Mg alloys in oatical components is their complex
mechanical behavior, which arises from their crystallographic structure. This comy@axiore
pronounced in textured wrought alloys than in edlslys, andresuls inintricate fatigue analysis
[2].

Mg was first adopteth the automotive industry by Volkswagen in its Beetle m@tleHigh
interest in lightweightngowi ng t o gover nment s §incecasedthedlg ment a
avaage usage per car from 3 kg in 2005 to 20 kg in 2BlLBHowever, n spite of the current wide
implementation of Mg alloys in many natructural automotive comporisrsuch as trim parts
and casingstheir application inloadbearing sections is still limited[4]. To expand their
applicationto these sections it i s of key i mportance to inves
static and cyclic loading3.he wrought alloys are better candidateddad-bearingcomponents
having greatestrength thamcast alloys.

Notches are inevitable in many components and structures due to design limitations. In
addition, they are the locations for stress concentration and are susdegthfgie failure. As a
result, understanding the fatigue behavior at a notch is oinkegrtance This needjustifiesthe
proposed research, aimed to analyze the notch effects anifio¢ropidatigueresporse of ZK60
extrusion as a higktrength wrought Mg alloy.

1.2 Objectives
This thesis is motivated by two main objectives.

1.2.1To Characterize the Effects of Loading Direction (Anisotropy) on Fatigue
Behavior of Smooth andNotched Members

The nducedstrong texture ivrought Mg alloysresults inanisotrofic mechanical properties

(dissimilar behavior in different material orientations). In addition to that, notches thigdite



of load bearing members significantly, according to the fact that they locally boost the strain/stress.
As aresult, anisotropy and notch effect aredwimial factors in the fatigue analysis of Mg notched

members.

Despite the importance of life correlation Mg alloys as a promising candidate fiieir
extensive application in many industriéimited researcthas been conductedn characterizing
therr fatigue damage mechanisms. This lack of knowledge is even more pronounced when it comes
to loadng direction @nisotropy) and notehffectconsideratioa A better understanding of active
fatigue mechanismsontributego selecing appropriatedamage pametes in the next objective.
Designing and performingjrectionbased experiments on smooth and notcaaalplesarecrucial

stepsin meetingthisfirst objective.

1.2.2To Propose anAnisotropic Fatigue Life Criterion for ZK60 Extrusion

under both Stress and Strain-controlled Conditions

Numerous fatigue damage criteria have been developed in the past three decades. However,
only a limited number of them are capablegaking into accounbothanisotropy and asymmetry
(dissimilar behavior under tension and compression), two main characteristics of wrought Mg
alloys that complicate their fatigue analysis. In addition to such intricabedpad controlling
parameters in the cyclic tests, i.e. stress or strain, agutdally al t er t he materi a
response. Controlling strain induces mean stress in the-strass hysteresis loops, whereas

controlling stress tests may impose ratcheting mean strain.

The final and main objective of this research iprmposean applicablefatigue life criterion
for ZK60 extrusion alloy regardlessf boththe load controlling parameterandthemat er i al 6 s

direction

1.3 Thesis Layout

In accordance with theforementionedesearch objectives, this thesis incorporates two main
investgations on ZK60 extrusionharacterization anthtiguemodeling The organization of the

thesis is as follows:

Chapter 2 provides brief background information on Mgarticular wrought alloys, their
crystallographic structure, andechanical charactetics To furnishpertinentmodeling in the

following chapters, the fatigue models are categorized and the employed onsstiatdously



introduced. Eentually a review of the available studies on fatigue of smooth and notched wrought
Mg alloys, inpartcular ZK60 extrusion, is followed by divulging the gap in the literature at the

end of this chapter.

Chapter 3begins with the microscopic characterization of ZK60 extrusion. The cyclic
behavior of the material, including its strdife and stabilized sain-stress response together with
the fractographic observationare presented and rigorously discussed along three different
ma t e direetionsé. Binally, the meritsf two commorfatiguemodek areassessed based on their

capability of mimicking expemental data.

Chapter 4focuses onthe fatigue behaviocharactedation of the materialunder stress
controlled condition in two perpendicular directions. Special attention is givea detailed
explanation of the observed anisotropy and asymmadhedVarvani, as an energyased model,
will be calibratedfirst, using straircontrolled experimentd.astly, themerit of themodelis
scrutinized by using theameset ofthe material parametett® predict the fatigue life for stress

controlled tests

Chapter 5 coverthe influence of notchpresne on the anisotropic fatigue response of the
material. Thefatigue stress concentration fagtas well as notch sensitivity, egiantified over
lifetime. The probable sources of the obserdisimilarity in the notchsenstivity along two

materialorientaionsare discussed.

Ultimately, Chapter6 outlinesthe concludingemarksandcomments othe prospectfor the

further worls.



Chapter 2

Background andLiterature Review

This chapter stast with background information on Mg in terms of its
crystallographic structure and unique mechanical characteristiesn, the two fatigue
models employed in this studyare explainedin detail In order to statistically quantify
fatigue strength,the staircase method is described nexStress oncentrationand notch
sensitivity two terms generally used innotch study, are lastly elaboratecbn in the
background sectionThe chapter concludes withhighlights of relevant researchand the

identificationof agap in the literature.



2.1 Background

2.1.1Magnesium

The profound impact of the automotive industries on greenhouse gas emission and global

warminghas led thento the light-weighting of their productg1]. Mg alloys with roughly 35%

and 75% less density than aluminum and steel, respectively are the lightledtl@wiructural

metals. This low density and high specific strength of the Mg alloys have made them highly

attractive for thetransportation industriedn addition to low densitythey offer excellent

machinabilityand very good digastability[2]. Thesealloys are classified into wrought and

casing types The former is worked to shape, etigroughextrusion rolling, forging processs

and performsetter tharthe latterunder monotonic and cyclic loadimgTheenhancedehavior

in wrought alloyss dueto the absence afetrimentaldefectssuch as inclusion and porosttyat

areformedduringthe castlloy solidification

The hexagonal close pack (HCRjtice structureof Mg makes a noteworthydifference

between Mg and other conventional alloys term of deformation mechanissn The lbw

availability of deformation systemwith HCP structure@esults in poor formability of Mg alloyat

room temperatuteNVhereadlislocation slip is thenly plastic deformation mechanism for many

engineeringalloys, thelimited numberof slip system®nforces twinning activation in Mg alloys.

Figure2-1illustrates the predominant slip and twilanesin Mg alloys
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Figure 2-1. Potential slip and twin systems in Mg alloyg5]
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Asymmetry (dissimilar behavior under tension and compression) and anisotropy (dissimilar

behavior in different material orientations) #metwo main mechanical characteristics of wrought



Mg alloys. Activaton of p ¢ extensioatwinning deformation mechanism when the external
load provokestension along the-axis in HCPcrystak alongone direction and slipominant
deformation in the reverse directiaistortsthe loadingunloading curvea behaviorknown as
asymmetry[6]. Theyield asymmetry in Mg alloys is distinct from previously reported hydrostatic
pressure dependent strengifferential effect seen in higétrength stedl7]. Formingprocesses
such as rolling or extrusion render thaxas perpendicular to the forming directiemingingabout

anintensive basal texturand evenially causng anisotropy in wrought Mg alloys8].

Alloying elementscan affect the Mg properties proportional to the amouot added
constituentAccording to ASTM codification, ZK6@s produced by addingink and Zirconium
as alloying ingredient® Mg. Zink improves the roortemperature strengtand when combined
with Zirconium the mixture potentially refines the grains amdkes the alloy participatien

hardenable. Zink also suppresthe corrosiveundesirableeffects of nickel and irommpurities.

2.1.2Fatigue Models

2.1.2.1Smith-Watson-Topper

Smithi Watson Topper (SWT) was introduced as a critical plane approach for modeling
material in which fatigue cracks are initiated and grew predominantly under tensileglf#d
The SWT parameter was founded on the principal strain range and maximum stress on the
principal strain planenamelyyY- and, s , respectivelyin the following formulation:
y-

Y'Y, - Eq. 2-1

This parameter was originally suggested to accounthtomean stress effect and has been
extensively employed in many efforts to estimate the fatigue life of Mg gll@dy45]. Although
the SWT parametevas defined the sane all thosestudies its correlation with fatigue lifevas
made differently. In the present study, the correlation is formulatedtegrating SWT with the
Coffin-Manson relation as follows:

YO Y —",O ¢l , - ¢ Eq.2-2

where:

» JFatigue strength coefficient



- dFatigue toughness coefficient

a1 Fatigue strength exponent
& Fatigue toughness exponent

andE is the modulus of elasticity andN2is thenumberof reversals to failureOther components
on the right side of the equati@re based on the CoffiManson approximation and will be
extracted by employingtrainlife and hysteresis curves. In trapproach the strainrange is

decomposed into elés and plastic parts¥¢ and¥- ), which are calculated from the stabilized

hysteresis loop for each strain amplitude:

— 5o Eq. 23
y% - ¢O Eq. 2-4

2.1.2.2Jahed-Varvani

Energybased fatigue modelswing to thescalamature of energyarepromisingcandidates
for describingthe fatigue behavior of wrougMg alloys exhibitingasymmetric and anisotropic
characteristic$12,14 16]. By incorporating energpased fatigue propertie3ahed and Varvani

[17] defineda damage pametersimilar tothat inEllyin's total strain energynodel[18]:
YO YO YO Eq. 2-5

WhereYO andYO are elastic strain energy density (ESEBNd plastic strain energy density

(PSED), respectivelyYOis TSED and is considered as thahedVarvani(JV) damage parameter.

PSED is essentially the area inside the hysteresis loop, and ESED is calculated frpg®0, in

which E and, are the Young snodulus and maximum streseespectively.Figure 2-2
schematically illustrates the JV damage pararm
values are extracted from the hbfé hysteresis loopsThe life correlation ofthe JV model is

defined adollows:
YO O ci 0 ¢b Eq.2-6
where

O dFatigue strength coefficient



O dFatigue toughness coefficient

6 dFatigue strength exponent
0 dFatigue toughness exponent

are the materiadonstantsThe coefficientdD and6 areobtainedby fitting apower curvento the
experimental ESEDYO , andthe coefficientéO andé are found from the experimental PSED,
YO . This model has been extensively in modeling fatigue behdifferent alloys includng Mg

alloys[15,19 27]; however, its capability to capture anisotropy on ZK60 has not been studied.
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Figure 2-2. lllustration of elastic and plastic strain energy densitiefor JV model

2.1.3StaircaseM ethod

The Scatteredlistribution of fatigue datgoints, specifically inthehigh cycle regimeentaik
a statistical procedurefor fatigue strength calculation & given life. To that inteh the
International Organization for Standardizati@8O) has proposed staircasstimation[28]. A
methodoriginally introduced by Dixorand Mode[29] to deal with dosge/mortality sensitivity

analysis.

A roughmean and standard deviati(®D) approximatiorof the fatigue strengtis a requisite
for the staircase method’he method starts with testing the sample at the first stress (&)el
preferablyclose to theestimatedatigue strength of the material at the intended cycle. Based on

the survival orfailure of the sample, theubsequerdtress level will be selected by incrementing



or decrementing the stress ayspecifiedamount referredto the stressstep(d). The stresstep
should be taken as closettee SD as possibleln the case of SD unavailability, 5%f the mean
fatigue strengthestimation can be employed te stressstep. The process will be continued
sequentially until all the samples destedn the explained manner. Finally, the meamd SDof
the survivedpopulationwill be calculated and reported e fatigue strength of the material and

its variation respectively

2.1.4Stress Concentration

Notches causeorfined stress and straiconcentratios. The heoreticalstress concentration
factor, K, is defined adollows to measure the level of this localized concentration within the
elastic response regime:

o2 - Eqg. 2-7
n € €
Where:
» »- . The notchroot stressandstrain respectively

» »- . The nominal stressndstrainat the net section, respectively

Kt is a function of botthe geometry and mode of loading and plays a key role in the fatigue
assessment of notched members, though its applicability is restricted to the linear elastic
deformation state. The notched members are usually loaded high enough that the calculated stress
from Eq. 2-7 exceeds the yield strength, and plastic deformation occurs consequently. In fact, the
local stress may not folloklooked s dndsabecome disproportionate to the local strain. In the

elastoplastic condition, strain and stress concentration factors are defined independi@dHy as

, Eq. 2-8
- Eq. 2-9

where0 andy are the stress and strain concentration factors, respeciihelyaiation inthese

factorsis illustrated schematically versus notsfnessin Figure 2-3. The elastoplastic stress and

strain of notched members can be assessed by experimental, analytical or numerical approaches
[30]. It should be noted that in the present study, the (net) nominal streggmote load divided

by net crossection) is usedsathe reference stress for notched specimens.
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Figure 2-3. Schematic presentation ofhe changesn stress and strain concentration by increasing
the stress at the notch30]

2.1.5Notch Sensitivity

According to the above definition for stress concentration fattmightbe expected thihe
net fatigue strengtbf a notched componemtould be predicted bydividing the fatigue strength
of smoothspecimen®y K:. However,undercyclic loading many materials are not fully sensitive
to stress concentration, and therefareduced Kis warranted for calculating the fatigue life of
notched membef80]. The ratio of thesmooths p e ¢ i fatigue 8tengtho thenotchedoneis
commonlyreferedto as the fatigue stresencentation factor(Ks):

"0 0 O'QD IQCKE @ ¢ ¢ '&on QuQa Qe Eq. 2-10
00 QO MO IQCE @i £ §Q ) Q1 'Q4a Q¢

The rotch sensitivity of material q, isexpressedh terms ofK: and K :

p Eq.2-11

Wheng=0 the material 6s f ati gue, whergagongtlh

full sensitivityto the notch is expected.
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2.2 Literature Review

2.2.1Fatigue Behavior of Mg Alloys

Asymmetry and anisotropy have been extensively reported and discussed in the liverature
wrought Mg alloys under cyclic loading. Numerous studies have presented such a behavior under
straincontrol fatigue tests, covering a wide rangavodughtMg alloys, includingAM30 [12,31/

36], AM50 [37], AZ31 [13,16,45,46,27,3814], AZ61 [47], AZ80 [22,24,48,49] AZ91 [50],
ZA81 [51], and ZK60[52i 55]. However, fewer studiesave nquired into the anisotropy and
asymmetry in the stregontrolled fatigue behavior of wrought Mg alloji6,37,39,50,5659].
Park et al[16] reported thatotatingloading direction from the rollindirection towardhe normal
to the rolled plane (NDYyeducedhe fatgue strength of wrought AZ31 significantllyigure2-4).
This behaviorhas beerattributed tothe greater degreplasticstraininduced damage in ND
arising from the reduced twinning stressf ND specimes under tensionZhang et al.[58]
conclusively Bowed that the cyclic softenirtig-hardening transition observed in Hrotled
AZ31B isinsensitiveto both specimen orientatioand rolling percenteduction.The anisotropic

fatiguebehaviorof ZK60 extrusionunderthe stresscontrolledcondition isunprecedented.
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Figure 2-4. Fatigue behavior of Rolled AZ1 alongtwo dir ections under controlled stres$16]

Anisotropyin Mg alloys can affect the fatigue strength differently in the ‘ugtie fatigue
(HCF) and lowcycle fatigue (LCF) regimesajuriet al.[60] reportedthatthe HCF strength of

AZ61 extrusion along the extrusion direction (ED) in st@sstrolled experiments is higher than

12



that in thetransversedirection (TD) and 45° to the EDas depicted ifFigure 2-5. The same
characteristic was observed under controlled strain by Jordorj3t]dbr AM30 extrusion in the

HCF regime, even though for LC®ading along ED yields lower life to failure thaiongTD.
Roostaei and Jahefl2] investigated the effect of loading direction on the LCF fatigue
characteristics of AM30 extrusion. They reported that TD specimens failed in higher lives when
identical strain amplitude is applied to both TD and ED specimens. In contrast, Wan& ¥t al.
found the opposite while testing ED against TD samples undstriiecontrolstate for ZA81M
extrusion, a result they attributed srengthenedwinning deformation as vileas to the higher

detrimental tensile mean stresses in(Fijure2-6).
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Figure 2-5. S N curves of AZ61 extrusion in three different directions[60]
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Xiong and Jiang48], while experimentally scrutinizing the LCIlavior of AZ80 rolled in
four different orientations found that deformation mechanism alteratiarcertainstrain level
affects the material 6s fatigue resistance wi't
in the rolling direction (RD) havthe longest life of all other directions for strain amplitudes of
less than 0.4%, but increasing the strain to higher values causes the 30° and 60° inclined samples

with respect tdhe rolledplane to exhibit higher fatigue streng(Rigure 2-7).
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Figure 2-7. b) Schematic illustration of specimenst different orientations; a) Strain-life curve for
AZ80 [48]

ZK60, the material which is focused on in thigesis exhibits exceptional strength and
ductility due to its alloying elemen{$1]. However, despite these characteristicdy dimited
studies have investigated its fatigue characteristics in extrusion form. Xiondlél,&2]and Q.

Yu et al.[11] have studied LCF and cyclic plastic deformation, and Wu ef6hlexplored
twinningi detwinning behavior of ZK66xtrusioralong the ED. These studies reported asymmetry
in both thequaststaticbehavior and the cyclic hysteresis loops. In another recent study by Xiong
et al.[63], characterizing ZK60 under monotonic loading along ED and TD revealed intensive
anisotropy in thestressstrain responsef the material. The reviewed literature discloses a lack of

knowledge on the HCF behavior of ZK&bngdirections other than ED.
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2.2.2Fatigue Modelsof Mg Alloys

Stress, strain, energy, and fracture mechanic$oareprincipal approaches to modwj the
fatigue behavior of metals. The fullseversed stressontrol behavior has beeappropriately
expressed using a strdsased fatigue model proposedBgsquin[64]. Later,the Coffin-Manson
strainbasedrelation quantified the strautife curve in lowcycle (LCF) and higitycle fatigue
(HCF) regimed65]. Plastic strain energy densitP$ED accumulated in the stabilized stress
strain hysteresis loops was dd®y Garud[66] andLefebvre et al[67] as an energpased damage
criterion. Ellyin[18,68]combined PSED witklasticstrain energy density (ESED), suggesting the
concept ototal strain energy density (TSED) to take into account the mean stress effect. Paris and
Erdogan69] incorporated the concepts of fracture mechasii | nt o Par i sdlaf at i gue

for thesubcriticalcrack propagatioregion.

The aboveamentioned approaches have been adopted to predict the fdggfevrought Mg
alloys understresscontrolledcondition[50,59,70 74]. A study by Ishihara et al73] on AZ31
extrusion under dferent cyclic load ratios demonstrated that the Gi@lmeodelperformance was
superiorto that ofthe modified Goodman model in predictitige fatigue life of stresscontrolled
experiments. Hasegawa et[a@4] added a correction term to the Coffanson equation in order
to improve its accuracy for the life prediction of AZ&dtrusion. Thaew modeprovided reliable
predictionsunderthe stresscontrol condition while the life was overestimated for the strain
controlled tests, exhibiting retained asymmetry in the ssam response of the materidhe
inability of the Smith[75], Smithi Watsori Topper[9], and PadulSivaprasatDhar[76] models to
predict the fatigue life of rolled AZ9ih rolling andtransvere directions led tahe proposal o&
modification d Basquid squatiof50]. It accountedor the mean stress effect by introducing a
new definition for fatigue strength coefficieptf) and fatigue strength exponehj.(Shiozawa et
al. [70] applied different model® predicted the fatigue lifef AZ31, AZ61, and AZ80 extruded
alloys under both strairand stresgontrolled experimes. Theyfoundthat TSED, as afatigue
damage parametewas superiocompaed tothe plastic strain range and PSED. Park ef#]
showed tha€Ellyind sriterion provides reliable prediction®r different strain and stress ratios.
Chen et al.[77] revisedthe conventional definitiorof ESEDin theEllyin 6 s mo d e | i n an
to enhancehe life prediction accuracy of AZ31&ktrusionin acorrosive environment with mean

stress. For this purpostheyincorporated botlhe positive anchegativeelastic energy densities
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into the ESEDDallmeier et al[37] weighted the elastic portion of the strain energy to capture the
mean stressensitivity of strairife and stresdife curves fortwin roll castAMS50 in two directiors.

They identified compressive yield stress (CYS) as a reference tieyiond whichwinning was
significantly activatedfollowed by distinct hardening and pronowst increase irthe area

surounded by stresstrain hysteresis loopsepresenting PSED.

Among the different approaches applicable to expigithe fatigue behavior of wrought Mg
alloys, the aergyapproaclhposseses great potentialo describe the damage in different material
orientations using a scalar quantity as a damage parameter, i.e., the strain energyedengity.
basedmodels are commonlgdifferentiatel by the definition of ESED and the mathematical

expression thatorrelaesthe damage parameter to the fatigue [t

Jahed and Varvani introduced a fatigue model (JV) based on the governing crack nucleation
and propagation mechanisnagong withthe plasticenergy accumulated by cyclic deformation
[17]. t he

incremental cyclic plasticity dbarudwasembedded intthestrain energy calculatidi8]. While

I n order to extend o r ipmppomicnal loadingdteel 6 s a |

examiningthe role of the load path sensitivify9], this extended model sh@d promising life
estimation for AZ31B under proportional and Aanoportional loadingas shown irFigure 2-8,

in aresearctby Albinmousaand Jahe#2].
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Figure 2-8. JV promising capability in the life prediction of multiaxial tests onrolled AZ31 under
proportional and non-proportional loadings[42]
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The JV model has beensuccessfullyemployed forfatigue life correlationof Mg alloys in
several studies[15,21,24] Roostaei and Jahed showed tBatith-WatsonTopper (SWT) and
Jahedvarvani JV parameters yield acceptable life prediction for AM30 extrusion along the
different loading directiongl2]. The predictiorwasmade by a single set of material parameter
extracted in one specific direction to asses
(Figure2-9). The conducted literature review divulgtthtthe ability of energybased models to
correlate fatigue lifeindependent of test controlling parameter,, istress or strain, remains

unknown for Mg alloys.
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Figure 2-9. Life pr ediction of AM 30 extrusion by: a) JV and b) SWT [12,31,80,81

2.2.3Notch Effects on the Fatigue ofMg Alloys

The early investigation on notch sensitivity of Mg alloys goes back to deegdeshen
Found reported the notchrsstivity of some commercial Mg alloyscludingAZ31, AZ61, and
AZ80 extrusion82]. His experimentgcorporatecyclic rotarybending, platdending,andaxial
loading. Sonsino anDieterich[83] quantified the notch sensitivity &291 HP, AM50 HR and
AM20 HP cast alloys while looking intcheir fatigue design characteristisederboth constant
and variable amplitude loadiagThe higher notch sensitivity of thevestigatedMg alloys in

comparison with aluminuntastnodulariron, andwrought steelss illustrated inFigure2-10.
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Figure 2-10. K correlation with K. for different Mg, aluminum, and steel alloys[83]

Kt value isexpectedto fall within 1 and K. However the way it changes in relation tq iK
noteworthy.Thiscorrelationis illustrated irFigure2-11for cast AM60, wheretheslightdifference
between KandK; by increasing: tends toexceedinglyelevateat higher Kvalues[84]. Zhang
et al.[85] reportedthe notch sensitivity of wrought AZ80 to be about 100% &tcybles by
comparing the stredge curves of smooth and notched specimdfigure2-12). The result isn

agreement with those obtained Kyester{86] and Wollmanr{87].

® AM60

A AMX602B mg. alloy
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Figure 2-11. Ks vs. K;for AM 60 cast and AMX602B Mg alloys and comparison with SUS04and
AISI316 steel alloyqg84]
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Figure 2-12. Stresd life curves of AZ80 for notched and urtnotched specimensa) nominal stress

and b) elastic notch root stres¢85]

Denk et al. [88] scrutinizedthe quasstatic and fatigue characteristics of notchel-cast
AMS50 at fourdifferent stress concentration factonsth distinctiveconsideratiorof the bands of
twinned grains(BTGs) formation. The basal texturef rolled AM50 facilitatesthe twinning
activation incompressiveeversas. Asa consequencen the low cycle fatigue regime where the
twinning/detwinning is the prominent deformation mechanismsulperficialwedgeshape BTGs
are formedadjacent to the notaffrigure2-13).

Figure 2-13. BTGs formation in the vicinity of the notch root due tohigh compressive loading: a),
b) macroscopiclevel, andc) microscopic level at the boundary of the BTG88]
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BTGs locally and excessivelyboost the strain and impose an advantageous compressive
residual stress/strain in the négnhsileloading as shown irFigure2-14. Thus BTGs formation
in LCF diminishes notch sensitivitysignificantly. NeverthelessAM50 remains highlynotch
sensitivein theHCF regime duemainly tothe BTG absencéFigure2-15)
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Figure 2-14. Strain distribution near the notch showing the bcalized negative strain in compressive
loading and the consequent residual strain in the next tensile loadijg8]
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Postmanufacturing treatmentsuch as heat treatment or speting, may alter the notch
sensitivity of Mg alloysLiu et al.[89] compared the notch sensitivity lnbt-extruded ZK60Mg
alloy against itsST5 agingtreatedalloy (ZK60-T5) along theextrusiondirection. They showed that
T5 treatment brings about 6.8% and 6.2% higher notch sensitivityf@r3and 2.7, respectively
(Table2-1). The improved fatigue prepties of B treatment ovethe asreceivedcondition for
both notcledand unnotched specimens of ZK&@e shownn Figure2-16. Unfortunately all of
the studies otthe notched wrought Mg alloys have been limited to the forming direatibich

highlights the lack of understanding on #résotropic notch sensitivityf these alloys.
Table 2-1. Notch sensitivity of ZK60and ZK60-T5 [89]
Alloy Kt Fatigue strength MPa) q (%)

1 140 NA
ZK60 2.3 150 88
2.7 160 80
1 150 NA
ZK60-T5 2.3 155 94
2.7 165 85
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Figure 2-16. Stresg Life curves for ZK60 (top) and ZK60-T5 (bottom) for un-notched and notched
specimens a) nominal stressand b) elastic notch root stres$89]
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