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Abstract

As an effective way to reduce greenhouse gas emissions, goals on weight reduction has been focused by
automotive manufacturersa meet the environmental regulations. Magnesium (Mg) alloys, with its high
specific strength and lowensity, are particularly attractive to applications where lightight is a part

of its objective. However, Magnesium alloys with its unique crystalldgcagiructure Hexagonal Close
Packinyprovidedifferent deformation mechanisms in contrast to steel or Aluminum alloys are currently
been used for loadhearing components whichave to be studied. As fatigue failure is a major concern,

this thesis aimsa characterize the stresstrain response as well as fatigue properties of ZEX100

rolled sheet and to model the stress$rain responses and fatigue properties at the notch root where the

crack is most likely to initiate due to the stress concentratiommvh notch is present.

Initially, the cyclic behavior of rolled ZEK1OMagnesium alloy shedtas beerinvestigated by
performing fullyreversedandstraincontrolled tensioacompression tests with the strain amplitude
spanfrom 0.3% to 2.3% otihe smoothspecimenand loadcontrolled cyclic tests on notched specimens.
In addition, the fatigue properties of the material akso investigated by fitting the fatigue test results

to the SmithWatsonTopper (SWT) and Jah®@rvanienergy models.

Next, the phenmenological stresstrain model for asymmetric materials proposed by Dallmeteal.

has beerimplementedusing thefully-reversedand strain-controlled tensiorcompression testesults

on ZEK10@ and results available on AZ3#R4 whichhaveshown goodagreement. A MATLAB code

has been written to obtain all the necessamaterialparameters from one single hysteresis which has
visible twin exhaustion and further investigation shown that a sts#ssin hysteresis witla strain

amplitude of 2% is suffiaie. With an additional cyclic stresgrain curve (CSSC) input, the MATLAB code

is capable of predicting the stressrain responses for a given strain history.

Furthermore, the cyclic behavior and fatigue propertiesatifed ZEK10@ and AZ31B4124Magnesum
alloynotched sample has been investigated by performing ftélyersed loaetontrolled tension and
compression tests. To induce sufficient amount of plasticity yet to prevent general yielding at the notch
root, the applied nominal load has been chodesed on its compressive yield stress, which is lower in
contrast to its tensile yield stress. Given an elastic stress concentration factor of 2.5 at the notch root
based on the test sample geometry, four different nominal stress levels (50%, 60%, 7808antl
compressive yield stress equivalent load) were chosen. The strain field around the notch root during the

cyclic loading has been captured using the digital image correlation (DIC) technique. In addition, the



crack initiation and propagation havesalbeen captured simultaneously using DIC for its fatigue

properties.

TKS AaGNIAY LINBRAOGAZ2YEA G GKS y200K NB2G G GKS Sy
DEAY 1l Qa NMzZH S KI @S 0 SGaid AZEBMDH3E&IRN the\stram thdufements Y m n N

at the notch root. It has been found that the strain predictions are reasonably close to the
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as life prediction is concerned. At the same time, the effects of the stress state at the notch root (plane

stress or plane strain) to the axial strain measurements have also been studied byrpegiadditional

fully-reversed loaetontrolled tension and compression tests on notched samples with different

thicknesses.

Finally, upon the existing MATLAB code which is capable of predicting thesttedsgesponses for a

given strain history,notch y  f @ aA & ol aSR 2y bSdzowSNDRDa yR DfAYy]l!l Q:
FLILJX @Ay 3 SAGKSNI bSdzo SNR-&traig dldvedgerferdtddlusdtie NHzf S dzZLl2 y (K
phenomenologicaiodel for each reversal. Additionally, the plane strain correction has bsed to

obtain the stressstrain responses at the notch root under plane strain condition from the plane stress

solution. Having the stresstrain responses at the notch root, a modified SWT ZaftedVarvani (V)
energymodelbased on the uniaxidillly-reversedandstrain-controlled tensioncompressiorfatigue

testNBadzZ Ga 2y avY22GK &l YLI S&a AYyO2NLRNIGS gA0GK aAySI
life of a notch member providing its elastic stress concentration factor and nominal loadyhighe life

predictions on the notch members under both constant and variable amplitude loads have been

examined on ZEK18D and AZ31B124 which yield good results.
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Chapter lintroduction

The greenhouse gas emissions by human activities are believed to be the major cglobaleiarming
and therise of the sea levels over the lafgw decadegl] . Statistics by the United States Environmental
Protection Agency have shown that, in 2016, the transportation sector contributes to 28% of the total

greenhouse gas emissions in the, @S shown ifrigurel:

Total U.S. Greenhouse Gas Emissions

Agriculture
9%

\

Commercial &
Residential A

o\
1% MO

/ \‘ Transportation
— > 28%

Electricity
28%

Figurel. Total U.S. Greenhouse gas emissions by economic sector inT224BE(missions in 2016 = 6,511 Million Metric Tons

of CQ equivalenj [2]

Governments around the wtil have set the regulations for the automotive manufactures in order to
suppress the carbon dioxide emission from the burn of fossil fuels. Many technologies have been
developed over the years to reduce the emissions of the internal combustion engitbsasexhaust
gas recirculation (EGR), leanrn technology, etc. Additionally, electric vehicles have also been

developed to achieve the goal of zero emissioreirentyears.

To further reduce the emission and energy consumptameffective way is toeducethe vehicle
weight, which carultimately reduce the amount of energy needed for the acceleration and at the same

time, reduce the amount of energy dissipated as heat through the break dimédeceleration.

The concept of light weighting involvee use of new types of materials which is lighter in weight yet
retains the structural integrity over time. Magnesium alloys are good candidates for this application due
to its high specific strength and high specific stiffness. However, magnesiumexlolgg anisotropy as

well as tensiorcompression asymmeti] [4] , which cannot be easiinodeledusing the traditional



methods for symmetric materials. In addition to that, magnesium alloyseadbibit poa formability

due to its unique HCP (hexagoshisepacked crystal structure which has ordylimit numberof
deformation mechanisms at room temperature. To mitigatesproblems, new types of magnesium
alloys have been developed over theays with the addition of rarearth elements such as Ce, Nd, La,
etc. ZEK10O is a relatively new type of rasarth (RE) contained magnesium alloy with good room
temperature formability. To be able to properly design ldsehring components made of ZEKIO

magnesium alloy, the quastatic and cyclic properties of ZEK10Were studied.

To be able to properly model the cyclic strassain behaviors of magnesium alloys under uniaxial load,
the phenomenological model proposed by Dallmeier efHlfor wrought magnesium alloys has been
studied and examined on ZEK100and AZ311B124, which yield good results.

The stressstrain responses at the notch root under fullgversed nominal stresses for both ZEKTDO

and AZ31BH124 wee studiedtoo. To be able to predict the stressrain responses and ultimately

LINSRAOG GKS FFaGA3IdzS tATFS 2F GKS y2G0KSR O02YLRYSy
methods were examined on both ZEKADG@nd AZ31B124. With the help of the penomenological

model and the plane strain correction by Dowling[8],0 2 G K b Sdzo SND&a | yR Df Ayl Q3

methods provide notch strain predictions with a reasonable accuracy.

Besides,wo fatigue modelsSmithWatsonTopper EWT [7] , which is using a straibased approach

and Jahedvarvani model (later referred to as thé/Jenergy model8] [9], which is using an energy
based aproach are both examined on ZEKAD0Due to the assumption made by SWT, which assumes
the fully-reversed straircontrolled tests are also fulyeversed in stress is not true for ZEKAD@ue to

the tensioncompression asymmetry, the strain versus lifeveuhas been used to directly fd the SWT
relation instead of CoffiManson relation (later referred to as the SWT dirB)t Both SWT direefit

and 3V energy model yield good predictions on the fatigue life of ZEKLG@&gnesium alloy.

Finally, a ntch analysis program has been developed and coded in MATLAB to incorporate the
LIKSYy2YSy2f23A0Ff Y2RSf 6AGK b Sdzo SN Astrairyréspobsesh y | | Q&
at the vicinity of the notch root, then use SWT diritand 3V enagy model to ultimately predict the

fatigue life of a given notched member.

As abrief overview the major objectives of this thesis are four folds:



1) The characterization of the stressrain responses and fatigue behaviors of ZEKQG@h
smooth and notchd specimens

2) Modelingof the stressstrain hysteresis loops for magnesium alloys using the phenomenological
model proposed by Dallmeier et al.

3y 'aasSaa FYyR AYLXSYSyid GKS bSdzoSNRa FyR DfAYy(ll Q&
phenomenological model for the notanalysis on magnesium alloys

4) Assess and integrate the fatigue models (SWT dfieahd 3V energy model) to the smooth

sample and notch analysis

Chapter 2 contains the literature review of the general properties of magnesium alloys drel

material tobe investigated, namely, ZEK1@@&sides, the phenomenological model by Dallmeier et al.
[5] is discussed in detaiFinally, the knowledge about ttapproximation methods for the notch analysis
O0bSdzo SNPR BRIzA Prededad inhelizirrénbliterature is also reviewed.

Chapter Joresents the experimental characterization of the gestsitic, cyclic and fatigue properties of
ZEK10@. Notch responses of ZEKiDGndadditional tests on notchedZ31BH24notched specimens
have also beediscussed, which will be used to validate tiwch response predictionssing the

approximation methods.

Chapter 4 is dedicated to thmodelingof the stressstrain hysteresis loops using the phenomenological
modelby Dallmeieretall5] yR G KS AYLI SYSy il idAz2zy 2F (GKS | LILINRBEA"
Dft AY1lF Q& NlzZ SO FT2NJ y200K Fylftearao

Chapter Hiscusses the two fatigue models been used to model the fatigue behavioEKAf0EO,
namely, SWT and Jahedl NI yA Y2RSfad . S&AARS&> aAySNRa NizZ S A

predictions of both smooth and notched specimens under variable amplitude loads.

Chapter 6 is focusing on thikkiscussion of theapabilities and inpurequirements of the developed
notch analysis MATLAB program. In addition to thatychartsare also presented to give a brief

overview of how the core of the MATLAB program is working.

Chapter 7 summarizes all the conclusions of the work presenteddhapter 2 to chapter 6.

Furthermore, some recommendations of the future work are also provided at the end.



Chapter 2L iteraturereview

Magnesium and its alloys typically exhibit pdarmability, anisotropy as well as tensi@ompression
asymmetryat room temperature[3] [4] which is distinct from strengtdifferential effect reported in
high strength steelfl0] .The poa formability s due to its unique HCP (hexagoclalsepacked crystal
structure, which has only a limit numbers of deformation mechanjspeifically basal <a>, prismatic

<a> pyramidal<a>and pyramidal <c+a> slgystemg13], shown inFigure2-a.

(a)
R ©
A

<clta>,
+a>
> <a>
(0001) {10-10} {10-11} {11-22}
Basal Slip Prismatic Slip First-Order Second-Order
Pyramidal Slip Pyramidal Slip

(b)
b=<10-12> b =<11-23>/3

b=<10-11% b =<11-26>/3 ?

{10-12} (1121} {10-11} {11-22}
Tension Twin (TT;)  Tension Twin (TT2) Compression Twin (CT;) Compression Twin (CT2)

Figure2. Schematic of the HCP unit cell showing all poss#)lslip and If) twinning system§12]

These Bp systems can be activated at different levels of CRSS (critical resolved shear stress) and at the
room temperature, basal <a> slip is the only slip system availabledineeslip systemsequirea

relatively higher CR$#] - [16] . Another deformation mechanism dedicated to HCP crystaliiming,

shown inFigure2-b. There are two active twinning mechanisms in magmasivhich are the contraction
twinning (TT) and extension twinning (&T17] The contraction twinning permits the HCP unit cell to
contract in its eaxis, as the-axis is reoriented by 56.2 degreesvhereaghe extension twinning

permits the unit cell to elongate in itsaxis, while the @xis reoriented by 86.3 degredd] . It has been
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shownthat twinning can be activatedby direct or indirect extension or cordction ofthe c-axis[20] -
[22] . Due to the manufacturing process of the rolled sheet magnesium alloy, dt@sajtexturesare
normally developed where the-axislying almost orthogonal tthe surface of the sheet. As a result,
wrought magnesium alloysormallyexhibit tensioncompression asymmetrand directionalnisotropy
[23]-[29].

It has been showthat the addition of the RE (rarearth) elements weakesthe basal texture of the
rolled magnesium alloysvhich improves the ductility anegduces the tensiortompression asymmetry
by suppressing the twinning procd&9]-[32] . T. AlISammaret al. suggestd that the highly soluble
rare-earth elements such as Ga and &tdms segregate to the grain boundaries and affect the grain
boundary motion, whiclalters the recrystallization and grain growth. The solute clustatse strain

heterogeneityand influence the nucleation and growth process of recrystalliz468h.

There have beenumerusstudies on fatigue of wrought agnesium alloygcluding AZ31B extrusion,
forged and sheetf33] -[45], ZK60 extrusion and forggdi6] -[48] , AM30 extrusionf49]-[54], and AZ80
extrusion and forge¢b5] -[57] . However studies on ZEK100 has been limitéBK10€D is a relatively
new type of commercial R€ontaining magnesium alloy. Theté@nper indicates that the material has
been annealed to remove any cold work in the rolling pro¢88k. The elemental composition is given
in Tablel:

Zn Nd Zr Mn Mg

1.3 (Wi%) 0.2 (Wt%) 0.25 Wi%) | 0.01 (wt%) Balance

Tablel. ZEK10@® elemental compositiof58]

It has been shown by few authors that, the initial texture of thecBEained ZEK100 magnesium
alloy exhibit a relatively weaker basal texture and a significant spread of the basal polethalong
transversedirection (TDarefound[4] [22][30][31] . Theelectron backscatter diffraction (EBSIgures
of sheetZEK100 and AZ31Bhich is a common type of commercially available magnesium at®

shown inFigure3 by Atish K. Ray et d62] :
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Figure3. EBSDnitial texture and pole figures of (a) AZ31B and (b) ZEK200
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It can be seethat the basal poles for ZEK100 are scattered in the transverse direction (TD) whereas the
majority of the basal poles are normal to the sheet surface for AZ31B. Not to ménébtine

intensities ofthe basal poles for ZEK1B&0nuch lower than AZ31B, which indicates a much weaker basal
texture found in ZEK100n addition to the effect of the added raarth element neodymiuniNd)in

ZEK100 weakens the basal text(58] , F. Mokdad et al. suggested that tdessolved Zirconium (Zir)
ZEK10@ouldrefine the grains bgffectively limit the growth of nucleating magnesium grains via solute
segregation while the subsequent constitutional undercooling promoted heterogenaaleation

events ahead of the solidification frof§9] -[61] .

Due to the spread of basal poles of ZEK100 magnesium alloy in the transverse direction (TD)ely relati
higher level oplanaranisotropy can be expected. It has been experimentally showWégyas
Muhammadet al. inFigure4 [22]
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Figure4. (a) AZ31B and (b) ZEK100 stress vs. plastic strain curvenooitietonic tension and compression (Note that DD is the
45% direction in between RD and TZ2)]

A relatively higher planar anisotropy can be atveel in ZEK100 under monotonic tensi¢urthermore,

the concaved shape of the flow curves in tension indicates alsliminated deformation whereas the
sigmoidal shape of the compressive flow curves are results of the easily activated extension tatinning
lower strain followed by the nobasal slip at higher straimkie to the significantjower CRSS value for
extension twinning in comparison with ndrasal slips under room temperatuf23] [63] [64] [65] . It is

also worthy to mentiorthat; the flow stress is the highest in RD dadiest in TD for ZEK100.

As mentioned earliethe extension twinning during the iplane compression causas 86.3 degree of

re-orientation of the basal poles towards the-plane loadinglirection[4] [19] . During in-plane reverse
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tension, the previous twinned crystals may undergo a second extension twinning due to the stretch in
the caxis.However, the second extension twinning can proceed on any of the six available twinning
planes depending on the criticadsolved shear stress where only one of them would reorient the
twinned zone back to the parent orientatig@2] [66] . Consequently,ite twinning and detwinning

during cyclic loading lead to the asymmetry of the strefsain hysteresis loopsnd the Bauschinger

effect especially at higher strain amplitud@s] [67] [68] .

The Ramber@sgood equatiof69] accompanied with Masinigypothesig70] are wildly used to model

the stressstrain hysteresitoops for symmetric materials

- - - ®

v - ¢ L )

Only three parameters are needed to model the strsminhysteresis loops, the cyclic strength
O2SFFAOASY(H o0YQUZT O0el0ftAd aiNIAY KI NRSWappisstcsSELIR Yy Sy
the first reversal an&quation ), which doubles the stress and strain ranges applies to all the
subsequenteversals as described by the Masing hypothp&$. Despite the benefits of using only

three parameters to model the stresdrain behaviors, the stresstirain hysteresis loopsiodeledusing
RambergOsgoodequationis pointsymmetric, which is incapable to capture the unique asymmetric

type of stressstrain responses of magnesium alloys. Furthermore, due to the different deformation
mechanisms activated in tension and compression, the shaptihe stressstrain pathfor upward and

downward reversalare different Dallmeier, J. et al. have showhat a pool result can be found by

modelingthe stressstrain hysteresis loops of AM50 magnesium alloy udiedgrambergOsgood

equation and Masing hypothesis kigure5 [5] .
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Figure5. comparison of the RambefgsgoodMasing model with experimentally determined variable amplitude hysteresis

loops of AM5My Dallmeier Jet al.[5]

Toclosely mimighe experimentally determine@symmetric stresstrain hysteresis loopsf wrought
magnesium alloys such as ZEKD)@& phenomenological model has been propose®aimeier J et &
[5] . Thephenomenologicatodel is originally developed upon 1.2 mm thiakn roll castAM50
magnesium alloy shediut further proved that it works well on other types of wrought magnesium
alloysas well As describedy Dallmeier J et al., thgghenomenological moddireaksdown thetotal
relative strain to three fundamental componentdastic strain, plastic straimandpseudoelastic strain,

as shown irEquation 8).

~

y- y, Y- V¥, Yy v, V- A (3)

There are 8 parameters needed in total to model the stssain hysteresis loops of magnesium alloys

by this phenomenological modeds shown ifmable2:



Parameters| Unit Descriptions

E MPa |, 2dzy3Qa Y2 RdzZ dza
P - Material constant, representing the slope of the psetglasticstrain
component
w F MPa | Pseudeelastic cutoff stress for ascending rexsals
v B MPa | Pseudeelastic cutoff stress for descending reversals

- Amount of plastic strain at the inflection point of timastic strain component

- Material constant, representing the slope at the inflection point of the plasti

strain component

" MPa | Stress at the inflection point of the plastic strain component of the descend

reversal

Y - Ratiobetween the reduction of both memory factons, and Mpseudo

Table2. Parameterdeen usedn the phenomenological model Ballmeier J et al[5]

The parameters 5 and, j can be determined from the upward and downward reversals of an
experimentally determined stresstrain hysteresis loop, wherg  and, are thestress ranges
correspond to 20% of deviation in strain from linear elastic behavior from the reversing points.
Parameter T, S ard (.areall linked to the inflection point of the stressersus plastic strain curve for

the downward reversal. Parameter T is tteain range correspond to the inflection point on the stress
versus plastic strain curve from the reversing point for the downward reversal. Parameter S is the slope
at the reverdng point in the stress versus plastic strain curve @gdcorrespond to the global stress

value at the inflection pointA visualization of these material constants using an experimentally

determined hysteresis loop for AM50 Byallmeier J et al[5] is shownin Figure6:
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Figure6. Visualization of material constants using an experimentally determined envelope hysteresis loop with the

corresponding calculated strain components (AMB0Dallmeier, J et al[5]

And a list of these material parameters for varidygses ofmagnesium alloys bpallmeier J et al[5] is

shown inTable3:

Parameters  Unit Expectedranges AM50 ME21 AZ31B AZ61A
E GPa 40-46 45.0 44.0 44.8 43.3
P - vpm uvddpTm P8 Pp m CdOp 1 Btp 1 pB P T
o B MPa  50-300 125 50 75 75
S MPa  50-300 175 100 225 125
- 0.01-0.1 0.037 0.04 0.04 0.05
- 15-60 35 25 50 50
\ MPa  (-50)- (-200) -170 77 -155 -135
Y - 0-1 0.6 0.05 0.8 0.5

Table3. Values and expected ranges for various types of magnesiaysiaylDallmeier J et al[5]

Theelastic straicomponentshown inEquation 8) is given irEquation 4):

11
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y- 9, (4)

<

Whichisdef Yy SR 68 (KS SELISNARYSodulug £t &8 RSGESNN¥AYSR |, 2dzy3aQ
As mentioned earliethat, the deformation mechanisms for magnesium alloysrareonly different for

upward and downward reversalsit also not the same at different stress levéllae alternation

between twinning and detwinning also involved during cyclic loading, wdiies the stressstrain

hysteresis loop a distinct sigmoidal shape especially at a relatively higher stress anigi#idd] . Due

to these reasons, hyperbolic tangent functions have been used to model the plastic behaviors and the

addition of the shape factaid ¢ has been used tamimicthe distinct shapes of the ascending and

descending reversald he finction beéngused tomodel the plastic strain is givdryy Equation §-7):

y-y, Yy, Yy, m JYX (5)

an T P (6)

PRAT x 1 xBABAOOAI
= o OB x AKOA 00AI"

T

© 7 _ OA

By havingdifferent valuesof @ ¢ for upward and downward reversal Equation ), the

difference inthe shape of the pwardand downward reversals can be properly modellddte that,

is theglobalstress value at the reversing point for the current reversal is the global stress value
at the reversing point for the corresponding downward rever¥al, is the stress range for the

current reversahndda  is the plastic memory factor.

In addition to elastic and plastic behaviorshdts been observed in most of the magnesium alloys that,
the unloading curves in both tensile and compressive regions ardimear. This phenomenon is called
pseudaoelastic behavior and in magnesium alloys, the pseeldstic strain is induced bgversble
movement of grain boundaries due to internal driving forf&d -[73] . The pseudeelastic strain leads
to a relatively larger hysteresis lo@specially at lowestress amplitude$§71] . The pseudeelastic strain

component(Y- ) has been modelled using a logarithmic functstiown inEquation 8):

Y- y, 11 - D (8)
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Notice that, 7 takes different values for upward and downward reversals@nd is the

pseudoelastic memory fetor.

One more relation correlates the pseuétastic memory factord( ) with plastic memory factor

& ) shown inEquation 9):
Y — ©)

Sinceall the parameters shown ifiable2 are fixed for the entire simulation farertain typesof
magnesium alloy, the only parameters change from one reversal to another are the pslastio
memoryfactor @ ) and plastic memory factod ). By substitutéEquation 4-8) into Equation 8),
the relation between the relative stres¥,() and relativetotal strain (/-) can be establishe@xcept

with the pseudeelastic memory factord( ) and plastic memory factod ) remain unknown.
However, it is known that the reversing points of each reversal will land on the cyclicsti@sscurve
(CSSC) for a stabilized fully reversegifR 1) strainrcontrolled test. Therefore, gen the strain range
(Y- )forthe envelope stresstrain hysteresis loop, the stress rande () can be determined from
the experimental CSSC. Substitute the knsivass range), ) and strain range¥t ) for each
reversal into the relation between the relative stresé, ) and relative total strain¥-) and consider
Equation 9), two equations with two unknowsi( Q& ) can be established and the individual
values ford anda then can be determined by solving the system of equations. Finally, known the
values ot anda , the direct relation betweetthe relative stress¥, ) and relative total strain

(¥-) is established.
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In a situation where the currenewersal starts deviating from the envelope hysteresis loop as shown in

Figure7:
200 +
100 +
<
= 0
o
-100 +
-200
-2 -1 0 1 2
€ [%]

Figure7. Determination ofx r'1 anda i i o/glues when the current reversal deviating from éimwelope hysteresis loop (The

stressstrain curve shown in redp]

The stress range is not readily available for the stetissn curveshownin red. However, it is known
that, byvirtually extending the stessstrain curve towards the topight corner,the loop will be closed
and the material memory will be fdillled when it reaches 2% of strain. Furthermore, the global stress
and strain values atl% of strain and 2% are known from the previous cal@natat this point.
Therefore, instead of finding the stress range corresponds to the red sttesia curve which is not
available at this moment, the stress and strain rangthef-1% to 2% hysteresis log}, and

Y- )is taken to calulate the corresponding Qa values. Finally, the established relative
stress and strain relation for the upwartl% to 2% then can be trimmed down and only the portion

from -1% to 1% is taken.

The validations of the model on AM50 feabilizedconstant and variable amplituddxy Dallmeier J et

al.[5] are shown irFigure8:

14



(@) [ -~ experiment

(d) = experiment [hysteresis no.: 397
——— model

200 model
i Ea,t(e),insidez(). 1% (2-3 =
Ea,t(e)‘envelopezzuﬁ) (1) e -

200 -+

T * g
S 100 Teaye=04% = 1.8% = 100 7
2 N=5300 X N=96 =
o o
g 0 £ 0
% / 1% o
g N=209 E
= -100 + -100 1 " AM50 RD
AM50 RD Nioop =58
Rg(e):—1 Rs(e).envelope:‘1
-200 H t t -200 t t
-2 1 2 -2 -1 0 1 2
true strain g [%] true strain €4 [%]
(B) e c)neiae1=0 8% (3.5,8) hysteresis no. (e) [ experiment [hysteresis no.:
200 £ Ea(e),inside2=0.4% (2,4,6,7) / 200 + model
€at(e), envelope—2 % (1) Ea‘t(e),inswde=0-3% (2-4)
.............. expenment = £at(e) envelope=0.8% (1)
w ——— model 4= o 1
% 100 A 2 100
5 o
[}
¢ o g °
® »
o / o
2 2 1
= 00 avsorp| =100 AMS50 RD
Nloop,f:40 Nloop,1=280
g Rz(e).envelope='1 Rc(e),enve\ope:-1
-200 1+ + + + -200 : :
2 - 0 L 2 -1 0.5 0 0.5 1
true strain € [%] true strain g [%)]
(c) [~ experiment |hysteresis no.: (f) 150 +—— experiment |hysteresis no.:
model —— model
290 T opinside=0.2% (2-19 100 4 Eatensiae=0- 1% (2-4)
Eatie)onvolope=2% (1) €a (o) envelope=0.4% (1)
—_ | e ©
© a
o 100 A S0 T
= =
5 o 0
3 o 50 +
f (0]
= -100 1 76 AM50 RD 100 - AMS50 RD
8 e Nioop,=57 Nioop,=1570
e ~ Re(e),envelope=-1 Re(e) enveiope=-1
-200 -+ + + + -150 : =
-2 -1 0 1 2 -0.5 -0.25 0 0.25 0.5
true strain g, [%] true strain g [%]

Figure8. Validations of the model on AM50 foonstant and variable amplituddxy Dallmeier J et al[5]

A good agreement between the phenomenological model and experimental results can be found across
the board on AM50.

To be able to properly desigmd evaluate the figue lives otoad bearing components using

magnesium alloys, the effects of the stresmcentrationgholes, keywaysetc.) to thelocalizedstress
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strain responses undenonotonic orcyclic loadingheed to be investigatedsincethe failure of

componers usually initiates at these points.

It would bestraightforward if the local stresstrain responses at theotch rootare purely elastic. In this
case, the local stress andstrains can be directlyevaluatedusingthe theoretical elastic stress

concertration factor (0 ):
- -0 (10)

Where,, is the local stress andis the local strain at the notch root; S is the nominal stress@irsdhe

nominal strain away frorthe notch.

However the existing stress concentrations may inducealizedplastic yielding despite the nominal
stresses applied are well below the yield linfihe dastoplasticanalysis imeeded to determine thenon-
linear stressstrainresponses at th notch root by thedar-field stressesThe elastoplastic stress and
strain fields can be assessed by using-lear finite element methodHowever, these types of
numerical simulations are usually very expensive and-iovesuming especiallyhenfatigue life
assessmenits concernedwhile components are subjected to arbitrary load historideuber proposed

an analytical method in 1968 to approximate the stresses and strains at the notch root based on the
study of prismatic bodies with hyperbolic notchender outof-plane steer, and it is later known as the
b Sdzo SNEEh ¢ KBzA 6 S dzo S NI &, tielebrietridainéai & RKres8 ¢ohcantration factor

(0 ) and strain concentration factoo () is equal to the theoretical elastic stress concentration factor

©):

0 0 0 (11)
o - (12)
0 - (13)
Q - (14)

By substituteEquation {2-14) into Equation {1) and rearrange:

, - — (15)
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Equaton{50 A& 2F0iSy NBFSNNBR (G2 a GKS bSdzmSNDa KeéLISN

Equation { and,, ), another relation between the local stress and strain at the notch root is also needed,

which is given by the strestrain curve.

As anexample as seerin Figure9, the plate with a circular notch in the middie underuniaxial nominal
stress Y and the stresstrain curve athe notch root in the ydirection is given as a Rambe@ggood

equationas shown irEquation 16):
S T

pu o

zZ

e

g, € €e ) €p
Q 3y

PIaSth Notch roots
Zone

—

Figure9. drcularnotchunder uniaxial tensile load with RambeBggood stresstrain curve eample[6]

R (16)

Whereu is the monotonic strength coefficient aridis the monotonic strain hardening exponent. By
NeubeQ & NIzt S E,)andksBain@)at\ds dotch root under the applied nominal stré¥san be
calculatedby solvingequation 17).

(17)

And a graphical illustration is shownhkigurelO:
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Figurel0.DNJ LKA OF f At f dza{m] GA2y 2F bSdzm SNR& NHzZ S

lf 0 K2dAK GKS 2ieN3\vall ghly for ubididihiBionE B Selddmnd M. Hoffmann

extended theb S dzo S NiRdultidkitstiess states in case of proportional loadipgeplacingan

equivalent nominal stress equal to the reference stigs§ . Seeger et al. extended the application of

bSdzo SNR& NMzZ S 0Seé&2yR (K g783BogpbrNlef aexdehdddi RSy B S22/ SNKRE
rule for cyclic loading scenarios by reptag the nominal stres§Y and strain’Q) with the nominal stress

(Y'Y and strain range/), at the same time replacing the notch stresy &nd strain{) with the notch

stress ¥, ) and strain Y- ) ranges In addition to that, the authors also proposed to replace thedretic

stress concentration facton() with the fatigue notch factonX ) to improve fatigue life predictions and

to take the effect of the stress gradient into consideratj@8] . However, it habeencriticized forre-

accounting the notch root plasticity effedi80] .

As an alternativé LILINR | OK (1 2  ( Mofki dan& @lmok@rbidosed tietizjuiBalent strain

energy density method (ESED), lateekhy | & G KS DfAYy 1l Qa NMHzZ So LG ¢ &
the localizedplastic zone at the vicinity of the notch root is controlled by the surrounding elastic stress

field ¢ KS Df Ay1lFQa Nz S aidl SR {skdeipestic yigfding] eSgrosSNBE &4 Sy OS
linear elastic behavior of the material surrounding the notch also controls the deformations in the

plastic zone, thus, the energy densiby in the plastic zone is equal to that calculated on the basis of

the elastic solubn @ ) [81]:
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Later in 1986@Glinkaproposed the strain energy density correction factor)(to take the stress re
distribution due to plasc yielding at the vicinity of the notch root into consideration to improve the
predictionfor ESE82] .

The derivation of th& factor isbased on the facthat; the actual stresses is lower than tleoderived

from the linear elastic analysigithin the plastic zonat the vicinity of the notch rootvhen localized
yielding occurs. However, the equilibrium condition still holds for the notched body and a stress re

distribution occurs in the neighbourhdoof the notch tip resliing in anincrease of the plastic zone size

as shown irFigurel2[82] .
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Figurel2. Plastic yielding and the elasstress redistribution ahead of a notch [§2] .

Due to plastic yielding, themount of force'O cannot be carried through by the material inside the
plastic zone . In order to satisfy the equilibmm condition, the amount of force has to be carried by the
material beyond the initially determined plastic zome)(by an increment ofi in which'O "O[82].

The first approximation of thplastic zone size ahead of the notch roiof) for uniaxial tension or

compression is given lyguation 21):

- (21)

Where, is the yield stress, is the notch radius andyis the applied nominal stress.

Thed correction fador for uniaxial tension or compression is giverkEuation 22):

6 p i - - (22)

O 6w (23)
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Where thed factor directly applied to the engy density on the basis of the linear elastic solution in

Equation 23).

A study byKilambi and Tiptohas showrthati KS b Sdzo SND&a NHzZ S NBft ASa 2y (K¢
NEflGA2Yy |yR GKS Y2RSt 27F 2 RA Y 3tic foKehahedd ofitheS Dt A y |
notch root surrounded by predominantly elastically deformed matd@3] . A comparison between the

bSdzo SNRA& |yR Df Ay Fiudel3lINBRAOGAZ2Y Aad &aAK24y AY

o Y e \
K g OB = constant O \ <« O€= constant
\. N

Figurel3® / 2 YLI NRA a2y o0Si6SSy (GKS LINBRAOGAIY dzaAy3d o6l 0 bSdz

It can be seethat,6 2 1 K b Sdzo SNNR& | yR Df Ay {bhs@laTheb $ {6 SO0 S HKA B &
the strain energy density within the blue triangle area equal to the strain energy density determined on

the basisotheSt  aGA O a2t dziAzy 6KAES DEAYyllFQa NUzZE S aSda
equal to the strairenergy density determined on the basistbé elastic solutionMoftakhar et al.

ddz33SaiGSR GKFGX GKS 3 Sgpkedehsthr éqdaity ob tiedpiaSstidimnengiizf S ¢ K
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density at the notch tip gives an upper bound estimation for the elalaistic notch tip stresses and

AUGNIAYya gKAES GKS DEAY(1FQa NHA S 609{950 aSNBSa | a
[84] . Athermodynamicanalysis has been carried out by Ye, D 88l -[86] further supportthat, the

bSdzo SNNA& NBeEvEs af INBLRAOND AR dzy R g(ESENE:diciion Befvasyag theQ &

lower bound. In addition, the therjiR& y I YA O tf Ay 1+ 3S 0SG6SSy bSdzSNRa |
revealed¢ KS | dz K2NAR aAdGFGSR GKFGZ C2NJDfAYy(lQa NMz Sz i
notch root due to the nominal remote stress is transformed into the real totalrsaergyabsorked by

the materialandi KS KSIF G RA&ZaALI GSR G GKS y20§0K NBR(d RdzS
0KS 20KSNJ KI'yRX Aa I LI NLGAOdzZ I NJ OFasS 2F DfAyll Qa
deformation at the vicinit of the notch root is neglectef#5] . ¢ KSNBEFT2NB > Df Ayl Q& Nzt &
underpredictthe notch stress,() and notch strain-() based on the assumption that all the energy

contribute to plastic deformation at the vicinity of notch root is fully converted to hratontrast,

bSdzo SNN& NMzZ S aSNWSa a Fy2idKSN SEpastiBdeBrmatent G2 | aa
at the vicinity of the notch root. Since heat dissipation during the plastic yieldingvigable,as a result,

bSdzo SNR& NMzZ S oAttt € gl &pandeswhfPadAYlr iS GKS 20! ¢
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Chapter 3: Experimental \Wo

3.1. Material identification

3.1.1 Initial microstructure
The material investigated in this study is rolled and annealed ZEK100 magnesium alloy shaet with
thicknessof 6.6 mm.The initial microstructure bgpticalmicrographs on a virgin sample i thiree

planes(ND-RD, NBTD, andRDTD) areshown inFigurel4:

ZEK100-ND-RD | ZEK100-ND-TD

&40 '¢‘ '
¢ A\ ;
A A AL JJN
< -
¢ “Q » y",,"-

- > '
” y )
Gk YA J:,‘ a
T g i/ A

ZEK100-RD-TD

Figurel4. Opticalmicrographs of the ZEK1@ magnesium alloy in (a). NED plane (b). NDD plane (c). RDD plane
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No significant distiction is observe@mongthe micrograplsin all three planes and it Elsoobserved
that the microstructureis free of twinningThe average grain sizketerminedby the average grain

intercept method is7.2* &

3.1.2Initial texture

The mm mand p pm pole figures for ZEK1@D are shown inFigurels:

(10T0) D

$—> RD
ND
l:]o.oo | [J0.00
[3Jo0.52 [J0.74
=30.79 \} /L2
=3 1.05 3149
N 1.31 186
B 1.57 223
Max [ 1.84 Max [ 2.60
2.36mm2.3 3.35mms.s

Figurel5. mtm tand p pmt pole figures for ZEK1@D magnesium alloy

As seen in the pole figure, the majority of the basales(0002)are scattered within an angle of around
30 degrees in theormaldirection, which is in agreementith the literature [4] [22] [30] [31] . As
suggested in the literaturehis is the result of the neodymium atoms segregate to the grain boundaries
and affect the grain boundary motiowhich alters the recrystallizatioma grain growth. The solute
clusterscause strain heterogeneiggnd influence the nucleation and growth process of recrystallization
[58] . Due to he relatively weaker texture of ZEK1Q0less tensiorcompression asymmegrcan be
expected In addition the spread of basal poles in the transverse direction @Djnotes a highetevel

of planaranisotropy
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3.2. Quasistatictensile properties

3.2.1 Specimen geometry
The quasstatic behaviors of ZEK1@in tensile are evalwed in the rolling direction of the material.

The specimen geometry for the tension tests is showrigurel6:

(105.7) Y (mm) | X (mm) | Y (mm) | X{mm)
(32) 6.6 0.00 5.00 1395| 5.81
1.14 5.00 15.23| 6.05
2,28 5.01 16.53| 6.35

X 3.42 5.02 17.80 | 6.74
4.56 5.04 1891 | 7.28
Y 5.70 5.07 19.60 | 7.84

2
6.85 | 5.11 | 20.00 | 8.29
J—?\— 8.00 5.17 2040 | 8.89
0.2 9.15 5.25 20.85 10.00
Notes 10.33| 5.33 | 52.85 | 10.00
11.51| 5.45 | 52.85 | 0.00
1. All dimensions are in (mm) except the surface roughness which is in micro-meter. 12.72| 5.61

2. Curvature of the reduced section is determined by the coordinates shown in the table.

Figurel6. Design of smooth specimen. This design was created at FATSLAB. One ofatsifeatuimproved chance of crack

formation nearcentreof specimen vs specimens with a rectangular reduced section.

The curved gage lengtimprovesthe chance of the crack formation close to tbenter, yet, the slight
stress concentration will not afféthe uniformity of stress distribution across the cresection areaas

shown inFigurel:

Epsilon Y @ 15479 N axial load

14.78

Figurel7. Axial strain field under quastatic tension ZEK100 (The strain field is captiitesing DIC and processed with the

ARAMIS software).



3.2.2 Quasstatic tension tests setup
The monotonic tensile tests were conducted using the smooth specimens in whigkdiretion
shown in Fig. 2 is aligned with tkest direction of the material. BC was used to capture the strain field

in the middle section as shown:

Figurel8. DIC field of view (Shaded area has been chosen inside the ARAMIS software for the properties calculations).

As shown irFigurel8, the strain field within the shaded area (10 mni10 mm) is used to calculate the
properties of the material. Two more repetitions were done to confirm the results and the properties
for ZEK100 is taken as the average of theseghests.
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Camera 2

Figurel9. Quasistatic tension tesDIC cameraetup

The camera setup for the monotonic tensile tests is showfignrel9, where both the cameras are

enabled. The cameras are placed ie filane of symmetry (g plane) and focused at the middle section
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of the test specimen where the distance between the sample and each camera is approximately the

same. A picture of the test setup is also showRigure20.

Figure20. Quasistatic tension test setup

3.2.3 Quasstatic tension test results

Three tests have been done ¢dtainthe properties of ZEK100 in the rolling direction and the quasi
static stressstrain (engineeringcurve is shown ikigure21. Severe necking is observed after reaching
the ultimate tensile strength and the final fracture is in a ductile manner. A picture of the sample after

the final failure is shown iRigure22.

The Quasstatic properties are calculated inside the ARAMIS software and a plot of the average axial
strain (Epsilon Y (Area (large)) (Average)) within the shaded area in the longitudinal direction (loading
direction) for ZEK100 is shownFRigure23. The red curve is a linear fit within the first few data points
below 50 MPa for the-Enodulus calculation and the green curve is originated from 0.2% of strain on

the horizontal axis and parallel to the red line for the 0.2% offset yield strength calculation.
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Engineering Stress [MPa]

Engineering Stress vs. Engineering Stain curve

250 T T T T T
e Specimen # 1
e Specimen # 2
———Specimen # 3
200 [~ =
150 -
100 -
s0 b =
0 | I I I |
0 10 20 30 40 50 60

Engineering Strain [%]

Figure2l. Tensile engineering stress vs. strain curves for all three tests (ZEK100).

Figure22. Quasistatictensiletest sampleshowing the neckingZ EK10€D.
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237.3

Technical Stress
Technical Stress (Area (large) E-Modulus-fit)
200.0 Technical Stress (Area (large) Rp02)
175.0
P
—., 150.04
o
= 125.09
@
8 100.0
“ 75.0
E-Modulus (Area (large)): 41680 MPa
50.04 Rp02 (Area (large)): 156.20 MPa
25 0 Stages used for fit: 7
0.0 T T i T T T i T
0.0000 0.0750 0.1500 0.2250 0.3000 0.3750 0.4500 0.5250 0.6000 0.7007
Stage 0 Epsilon Y (Area (large)) (Average) [%]

Figure23. Initial portion of engineering Stress vs. strain curve of ZEK100 to calculate elastic modulus and 0.2% offset yield stress.

The tensile properties calculated for 2BK in the rolling direction is summarizedTiable4:

Specimen #1 Specimen #2 Specimen #3 Average Sample

Value Standard

Deviation
E,Modulus [GPa] 41.68 42 .56 44.85 43.03 1.64
UuTsS Engineering 237.33 237.2 242.38 239.08 2.86
[MPa] True 287.71 277.45 280.84 282.00 5.23
TYS0.2% offset) [MPa] 156.20 166.39 167.52 163.37 6.24
Uniform Elongation [%0] 16.87 16.25 15.33 16.15 0.78
Reduction in AredRA) 56.56 54.48 56.06 55.70 1.09

[%0]
True Fracture Strain 87.08 85.68 89.43 87.40 1.90
(In(V/(1-RA))Y

Table4. ZEK100 monotonic tension material properties

Notice that the true fracture strain is about 87.4%, which translate to a very high ductility of this
material. As suggested in th@drature, this is the result of theveakened basal texturdue to the

addition of the rare-earth element neodymiunj30] -[32] .
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3.3. Quasistaticcompression propews

2.3.1 Specimen geometry
The guasktatic compression tests have been done with cubic specimens to prevent buckling and the

geometry of the compression sample is showigure24:

6mm

_| DIC capturing surface

8 mm

Figure24. Comprssion test specimen geometry.

The compression test specimens are vmeiichined to a dimension of 8mm6émm 6mm and the
angle between each sidepsecisely machined t60 degrees to ensure the best accuracy. One side of

the specimen is painted with thepeckle patterns for the DIC to capture the strain field within that area.

3.3.2 Quassktatic compression tests setup
The setup for the quasitatic compression tests is shownRigure25, a single camera with &nsion

tube has been used to capture the strain field on one side of the compression sample. The camera is

perpendicular to the face of the sample where the speckle pattern was painted.
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Compression
I / test platform

Figure25. Monotonic compression test g

The cubic samples were placed at the center of the compression test platform Wieeaial

compression force is applied. The properties were evaluated by averaging the strain across a small
section located at the center of the speckle pattern shawRigure26

Figure26 Compression setup view from DIC
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3.3.3 Quasstatic compression test results

The blue area on top of the speckle pattern is selected inside the ARAMIS softaeresthe properties

are evaluated. Two samples were testaaach direction to confirm the results and the strestgin

curves for both rolling and transverse directions are showkignire27, TD and RD represetransverse

and rolling directions, respectively:

-16 -14 -12 -10 -8 -6

Transverse
= Direction
o
S
g RO
5 o’
o®
0o® Q
Q@G’QV
@“"W
o®
ﬁ#’ﬁw
o »" .
- Rolling
Direction
Strain (%)

Figure27. Monotonic stressstrain curves of ZEK100 in uniaxial compression in rolling, and transverse directions.

All the curves terminate at the stress right before the sanfails. It is apparent that the property in
transverse and rolling directions are different and ZEK100 is slightly stronger in rolling direction due to

the presence o&nisotropyof the material. Here is a comparison between the monotonic tensile and

compressive stresstrain curves iradifferent direction:
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300
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Figure28 Comparison between monotonic tensile and compressive flow curves of ZEK100.

The compressive properties in both rolling and transverse dire@isammarized ifrable5:

Rolling Direction Transverse Direction
Yield strength (0.2% offset) -136.9 MPa -122.5 MPa
Ultimate compressive strength -396.0 MPa -352.2 MPa
Ultimate compressive strain 12.68 % 16.1%

Table5. ZEK100 monotonic compression material properties

It can be observed that the tensile yield strength is higher than compressive yield stietiggirolling
direction. However, the ultimate compressive strength is much higloenpared with the ultimate

tensile strength. A picture of the fractured specimen is showrigure29:
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Figure29. Fractured quasstatic compression specimen.

Noticed that a 45legree fracture surface is observed every single sample for ZEK100, where the

shear stress is at its maximum.

3.4. Cyclic properties

3.4.1 Specimen geometmd test setup

The specimens used for the cydliiNP LISdarakt&ridation is exactthe sameas whathas been used
in the quasistatic tensile characterization as showrHigurel6. However, instead of the speckle
pattern, a 10mm width gauge length is pmearked to mount the extensometer precisely in the middle,

shown inFigure30:

Figure30. Smoothcyclic test sample (the marked blue lines are where the extensometer knife edgestaingthe

specimen)
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As illustrated irFigure31, the extensometer is mounted in the msgction of the sample with a gauge
length of 10 mm. The extensometer was mounted on the bare sample with adhesive or on top of a thin

layer of acrylic coating held by rubber bands.

Figure31. Straincontrolled test setup fo€yclic properties characterization

The failure criteria for all the tests are either 15% load drop or final fracture if the test was switched to
load control. The crack or final fracture has to be within the extemester gauge length to be

considered as a valid test.

3.42 Constant amplitudaifly-reversed{ =1) andstrain-controlled cyclic results

Fully reversed stratgontrolled tests were conducted on ZEK10@he rolling directiorfor various strain
amplitude from 0.3% to 2.3% he secongycle hysteresis loops for various strain amplitudes arevsho
in Figure32 and the stabilized stresstrain hysteresis loops are shownRigure33.Thecomparisons of
the secondcycle and stabilized stressrain hysteresis loops for each appligtgain amplitude from

0.3% t02.3% are shown iRigure34to Figure42.
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Figure32 Seconetycle hysteresis loops of ZEKTDO

Stress (MPa)

Strain (mm/mm)

Figure33. Halflife hysteresis loops of ZEK100
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Figure34 Second cycle and stabilized stregin hysteresis at 2.3% strain amplitude (ZEK100).
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Figure35 Second cycle and stabilized stresain hysteresis at 1.5% strain amplitude (ZEK100)
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Figure36 Second cycle and stabilized streigin hysteresis at 1.2% strain amplitude (ZEK100).
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Figure37 Second cycle and stabilized stresmin hysteresis at 1.0% strain amplitude (ZEK100).
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Figure38 Second cycle and stabilized stregin hysteresis at 0.8% strain amplitude (ZEK100).
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Figure39 Second cycle and stabilized strei®in hysteesis at 0.6% strain amplitude (ZEK100).
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Figure40 Second cycle and stabilized strsf®in hysteresis at 0.5% strain amplitude (ZEK100).
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Figure41 Second cycle and stabilized streimin hysteresiste0.4% strain amplitude (ZEK100).
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Figure42 Second cycle and stabilized streigin hysteresis at 0.3% strain amplitude (ZEK100).

The sigmoidal shape of the stressain hysteresis loops, especially the upward reversal, can be

observed in the relatively higher strain amplitude cases (> 0.5%) due to twinnitwgiicieing.
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A relatively weak tensionompression asymmetry is also observed even at relatively high strain
amplitudes to due to the weakened basal texture, as discussetdpter 1For both 2.3% and 1.5%

stressstrain hysteresis loops, the relaxation behaviasdgenby comparing the second cycle and the

half-life cycle.
A plot of thestress amplitude versus cycle plot is showFigure43:
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Figure43. Stress amplitude vs. cycles plot for ZEKQ@Straincontrolled R=1)

Hardeningoehavioris observed above 0.5% of strain amplitude whereas softening behavior is observed
at and belowHowever, for bothl.5% and 2.3% strain amplitudes, the material seems to be softening at

the beginning and thestart to harden after some cycles for the strain amplitude equal and above 2.0%.
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True strain amplitude vs. Reversals to failure
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Figure44. True strain amplitude vs. Reversals touia@l(ZEK10@ R=L1 straincontrolled tests)

The strain amplitude vs. life curve for the fulversed straircontrolled tests is shown iRigure44,

which will be later used to find the parameters for the fatignedels.

3.4.3 Mean strain effect

In order to study the meastrain effect on ZEK180 magnesium alloy, a series of stramntrolled tests
have been done with different stain amplitudes ranged from 0.40% to 1.0% while kept R ratio equals O.

The stresstrain hysteresis loops are shownhigure45to Figure48:

41



250

200

50

Stress [MPa]

-100

-150

-200

250

200

150

100

50

Stress [MPa]

-100

-150

-200

® Second cycle hysteresis
® Half-life cycle hysteresis
..
o‘..
°
...o ....o
.. ..
o e®
o’ . ¢
o o
o e
o'. *
0 ..QJ‘M' 0.01 o 0.025
oo’ o®
o® o°
.....' 0"
- o’
Strain [-]
Figure45. Straincontrolled R=0 test @.00% strain amplitudeZEK106D
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Figure46. Straincontrolled R=0 test @.80% strain amplitudeZEK10@
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Figure47. Straincontrolled R=0 test @.60% strain amplitudeZEK106D
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Figure48. Straincontrolled R=0 test @.40% strain amplitudeZEK106
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Relaxation behavidnas been observed in all cases from 0.40% to 1.0%, however, it is more pronounced

at lower strain amplitudes. A comparison of the stref®in hysteresis loops between fullgversed

(R=1) and R=0 fot.0% and 0.4% is shownRigure49 and Figure50:;
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Figure49. Straincontrolled R=@&nd R=L1 tests comparison@ 100% strain amplitudeZEK10-O
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Figure50. Straincontrolled R=@&nd R=L1 tests comparison@ 0.40% strain amplitudeZEK104D
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Noticed that the R=0 stabilized strestgain hysteresis loop at 1% of strain amplitude closely resembles
the shape of the stabiled hysteresis withY =1, however, the hysteresis loop shifted to the rigtand

side due to theY ratio. At 0.4% of strain amplitude, the lower reversing point for'the0 stressstrain
hysteresis loop corresponds to a relatively highamnpressive stress compare with the loop f6r=1,
whereas the maximum stresses at the top reversing point remain similar forYeth andyY =1
hysteresis loops. Due to the similarity of the stref®in hysteresis loops, the damage hagb down

for each completed cycli®or 'Y =0 andY =-1 should similar. Therefore, itlikelythat the mean strain

will not havea greateffect to the fatigue life of ZEK14D magnesium alloyBy looking at the strain
amplitude versus life curvénewn inFigurebl, it seems like that, the&’ =0 results actually have slight

improved fatigue lives over th¥ =-1 tests,however, additional tests are needed to make this

conclusion
Strain amplitude vs. Number of cycles to failure
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Figure51. Strainamplitudevs. life curve for botty =0 andY.=1 tests
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The experimental lives foY =0 tests are summarized in:

Strain amplitude [%] Experimental life*
1.0 584
508
0.8 644
996
0.6 2292
2025
0.4 12032
9124

Table6. Summary of the fatigue lives the'Y. =0 fatigue tess (failure criterial: 15% of load drop or fractuir@EK104D

3.44 Mean stesseffecs

Stress controlledests at R ratio equald and 0 were conducted to study the nreatress effect on
fatigue life for ZEK100 magnesium alloyAlthough these tests were stregsntrolled, the
extensometer was attached to get the strestsain responses. TH¥ =0tests have been done at three
different stress amplitudes (80 MPa,dMPa and 110 MPa) and the results are showkigire52 -
Figure54:
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Figure52. The'Y =0 tests on smootbpecimen with stress amplitude of 80 MPa (ZEKD)0
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Figure53. The'Y =0 tests on smdb specimen with stress amplitude of 100 MPa (ZEK@)O
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Figure54. The'Y =0 tests on smdb specimen with stress amplitude of 110 MPa (ZEK@)O

Sgnificantamount of phstic deformation is observed for the first reverfal all three tests in

comparison with the subsequent reversaidthough the atchetingstrains were built ughrough the

progression of these tests, the shape of the strstsain hysteresis loops faach completed cycle is

almost the same after a number of cycles at each stress amplitude level.

A summary of the fatigue lives for all the stresmtrolledY =0 and’Y =-1 tests igjivenin Table7:

Stress Amplitude Y =1life Y =0 life
80 MPa N/A 11345 11990 12816
(Expected to be ruout) cycles cycles cycles
100 MPa 73582 54586 3324 3489
cycles cycles cycles cycles
110 MPa 22981 25554 2989 2897
cycles cycles cycles cycles

Table7. Fatigue lives for all the stressontrolled’Y =0 and'Y =1 tests
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It is apparent thathe positive mean stressesre greatlydetrimentalto the fatigue life of ZEK160. The
fatigue life at the stress amplitudes of 100 MPa and 110MPa have been redueeditzer of
magnitudedue to the positive mean stressebhe’Y =1 fatigue life for 80 MPa is expected to be more
than 10 millon cycles, which is at least 3 orders of magnitude greater than the fatigue life fof tie
counterpart at around 12 thousand cycles.

The stress versus life cusMr'Y =0 and’Y =-1tests aregiven inFigure55:
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Figure55. Strainife curve for all the stressontrolled’Y =0 and'Y =1 test

These results will be later used to evaluate the metnss effect predictions of the fatigue models in
chapter 5.

3.45 Variable amptude strain-controlled cyclic results

Several strairtontrolled variable amplitude tests on ZEKADOGnagnesium alloy have been done. These

results will be used to exameni KS @t ARAGE® 2F aAySNRa NHzA S 2y GKAaA
the phenonenological modelThe strain histories and their corresponding stabilized sts&ssn

hysteresis loops arghown inFigure56 to Figure59:
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Figure56. Variable amplitude strakgontrolled test #1 (545 blocks of the given load history applied to failsfé load drop)
ZEK106D
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Figure57. Variable amplitude straigsontrolled test #2 (206 blocks of the given loaddmsapplied to failure15% load drop)
ZEK106D
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Figure58. Variable amplitude strakgontrolled test #3 (4130 blocks of the given load history applied to fail6fé load drop)
ZEK106D
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Figure59. Variable amplitude strakcontrolled test #4 (3900 blocks of the given load history applied to fail6fé load drop)
ZEK106D

The failure criteon for these variable amplitude tests is similar to the failure criteria for the constant

amplitude testswhich is defined by 15% of load drops for the envelope hysteresis loop or final fracture.
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The fatigue lives for the variable amplitude tests are measureauinyberof blocks of the given load

histories applied.

3.5. Cyclic properties of the notched speeims

3.5.1Specimelgeometryand test setup

The geometric of the notched sample is showirigure60:

6.6

L4

____________@____________
90
]

—— SECTION A-A
SCALE1:1

Figure60 Notched specimen with applied speckle pattern for digital image comwaléiC) analysis.

Based on the geometry of this specimen, the elastic stress concentration factor at the notch ot (
2.5 relative to the net nominal stresSimilar to the test setup for quastatic compression tests, a single
DIC camera was used to capture the strain field at the vicinity of the notch root on the surface of the
notched specimen. The field giew of the DIC camera is showrFigure61 and the corresponding

directions associated
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Figure6l. DIC field of view (left) and the notched test setup (right).

3.52 Constant nominal stress amptiuresults

Constant nominal stress amplitude and feigwersed Y =1) loadcontrolled tests were

carried out with four different amplitudes based on the compressive yield limit of ZE®100

Supplementahotchtests on AZ31B124rolled sheet, which iacommon type of commercially available
rolled, grain hardened and partially annealed magnesialioy, with two different nominal stress
amplitudeshave also been conducted for the sakeegminingthe generality of themodel predictions
and fatigue life estimationassociaten different types of wraght magnesium alloyis chapter4 and

chapter 5

ZEK10@ notchedspecimensvere tested under 50%, 60%, 70% and 80% of compressive yield
equivalent nominal stres&Correspond to 68.45, 82.14, 95.83 and 109.52 MPa, respectiiedyp the
fact that the canpressive yield limit is lower than its tensile counterpdiiese load levels were chosen
to induce sufficient amount of plasticity at the vicinity of the notch root while preventing general

yieldinghappen

Since the material within the plastic zonethe vicinity of the notch root is nether stress controlled nor
strain controlled, to study whether the material is goingstabilizeor not, a strain progression test

carried out and the resuls are shown inFigure62:

53



_:—: _:_'

® CTCtest#l
CTC test #2

15 T

15 First 3 | Afterso | After150 |  After300 | After500 cycles : After 700
cycles 1 cycles 1 cycles 1 cycles 1 (Half-life) : cycles
| 1 I 1 :
| I I 1
4 : : > «c & N o k 4 ;

RN R AN NIRRT
LT PRl EE 1LY H‘}g%ﬁﬁﬁk’ﬁ'Nxﬁ § 338 4
05 7 , . 4&. ; o |’, o .Q;:i'). $1 .0.::.‘V‘ .,“"’;.':;.:‘ SE:“T ":
— '“‘\"q 4:. : ® o ‘*. '.2.‘.:"‘%(.‘15.“ .."»: SJ\'..l' “\\-, )’:.
2 Eardpse et S NS YRl
BHIt U BRI

P83 ASERRERRS f1iatidhs
< OQ‘. i‘«\"“"@%:& gmg‘: o 2 e :UO‘ 3! ’ool‘aaoo '300: |. o‘ i*
- ] | “° ‘ ' 5 & .Ir & ‘ d > ) S ' ‘! s
§ 5 tui,'kg;:xij.'i*ligqfﬁfﬁca:’:;ff
)\ R \,‘%\ t" “\. & gi feo - ve 8 ‘|c# &r\
o L3 TAE. ‘.'-'.g’» ¥ 2 NERTRTRCU T GEFT R Tt 1A el
L ARE A SN IR A LT & { vl e 113¢'%
0 aidatiititti L tidtieeidiitd

® TCTtest#1 ! ol ® 4
|
1

————— ey

Steps [-]

Figure62. Axial $rain progressiorat the notch rootest for ZEK100 at 80% of compressive yield equivalent ftdlyersed
nominal stress (3 Cycles were captured each time start at the beginning, after 50 cyclglé§0etc. Three different tests are
shown; two of them stagdwith compressiofiensionrcompression and a single test sedtwith tensiorcompressiortension)

Three cycles were captured start at the beginning and after 50, 150, 300, 500, 700 ayttiesstike of
consistencyln addition, three different tests are presented; one test started with tensiompression
tension and the other two started with compressiensioncompression. It can be seémat the axial
strain at the notch roohasalready beenstabilizal after 50 cycles for both TCT and CTC tastino
noticeabledifferencecan beobservedin terms of the measured notch straia$ter that. Besides, the
loading pattern (TCT or CTC) does not hmaneticeableeffect to the cyclic notch s#in responses for

the testresultspresented.

To capture the axial strain responses at each load ldwedetcycles were captureafter stabilizatiorfor
consistency and the axiab(strain field at the maximum tensile and compressive load are alsorshiow
Figure63-Figure66:

54



(c)

0.6

@ Left notch root
@ Right notch root

0.4

0.2

Stabilized axial strain at the notch root over 3 cycles

Axial strain at the notch root [%]
o
[ )

Time [s]

Figure63. Stabilized strain field at (a) maximum compressive load (b) maximum tensile load and (c) axial steamo#tttiioot
progression over 3 cyckeBEK108D @50% of compressive yield equivalent nominal stresglf88Pa) Note that the scales in

(a) and (b) are different
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Figure64. Stabilized strain field at (a) maximum compressiaé I) maximum tensile load and (c) axial strain at the notch root

progression over 3 cyckeBEK108D @ 60% of compressive yield equivalent nominal stress (82.14 MPa) Note that the scales in
(a) and (b) are different
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Figure65. Stabilized strain field at (a) maximum compressive load (b) maximum tensile load and (c) axial strain at the notch root
progression over 3 cycle8EK108D @ 70% of compressive yield equivalent nominal st#&s83MPa) Note that the scales in
(a) and (b are different
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